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Executive Summary 
 
 This literature review is focused on the potential for innovative use of trees and 
other vegetation to reduce the odor associated with livestock production.  The goal is to 
examine available evidence to assess if trees and shelterbelts may: 1) be able to help 
control odor through physical and biological means, and 2) be an economically feasible 
technology for livestock producers as well as surrounding communities.   
 The current stage in the evolution of livestock agriculture in the United States is 
toward increased industrialization and involves the infusion of multiple technologies, the 
concentration of production and processing facilities and the integration of inputs to 
production, processing, and marketing.  This evolution is most easily identified by 
changes in the overall size of the facilities and in increases in the average number of 
animals per farm system.  The increases in size is primarily due to perceptions that large 
operations benefit from economies of scale, particularly in terms of expenditures for 
labor, feed, and facilities, which have caused producers to try to capture those potential 
benefits (SOTF, 1995).   
 In terms of overall animal production in the U.S., the total number of animal units 
per farm operation increased considerably.  For example, from 1978-1992 the average 
number of animal units per U.S. cattle operation increased by 56%, dairy by 93%, hogs 
by 134%, and layer poultry 176% (US EPA, 1999).  However, during this same time 
period the overall number of livestock operations decreased considerably as well.  The 
number of cattle operations dropped by over 40%; dairy, hogs, and layer poultry by over 
50% (US EPA, 1999).  All of this indicating significant consolidation within the 
industries and greater production from fewer, larger production facilities, which are based 
on animal confinement systems. 
 With the greater number of livestock and increased size of production facilities 
have come larger amounts of animal waste, concentrated into relatively small geographic 
areas. 
 
• In the US, about 130 times more animal waste is produced annually than human 
waste (US Senate Committee ANF, 1997). 
• Over 1.4 billion tons of manure is produced annually by US livestock (US Senate 
Committee ANF, 1997). 
 
This consolidation of animals and associated manure has exacerbated common 
farm externalities, in this examination odor, to the point where it is causing significant 
social problems.  The shear quantity of manure produced per farm has elevated the 
intensity, duration, and timing of odor events.  Geographic migration of production sites 
within the US and urban expansion has also put more people into closer proximity to 
these confinement facilities (Williams, 1996). 
 
• A 1998 survey of Iowa farmers found that 46% of 2,312 survey respondents live ½ 
mile or less from a livestock facility (Lasley, 1998).  
• This finding is consistent with national averages (USDA, 1996).  
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The term "odor" actually refers to the complex combination of gases, vapors, and 
dust that result from both the feed method, animal living arrangements and the anaerobic 
decomposition of manure.  There are three primary sources of livestock odor (NPPC, 
1995): 
 
• Animal confinement buildings, manure storage facilities, and land application 
 
• Studies have shown that the majority of odor complaints are associated with pig 
facilities and land application followed by poultry (Hardwick, 1996). 
• Swine excretions are the most liquid of all livestock excretions which quickly leads to 
anaerobic decomposition and producing stronger and more toxic odors than dry 
manure (Ritter, 1989). 
 
All of these factors, (increased manure concentration, changes in geographic location, 
urban expansion, limited separation distances) have caused the issue of odor control to 
become of paramount concern for the public and for livestock producers.  There are some 
very serious social ramifications involved with the issue of livestock odor (Palmquist, 
1997; Schiffman et al., 1998; Donham, 1998; Thu, 1998): 
 
• Mental and physical health concerns for both human and animals. 
• Decreased real estate values as well as negative effects on tourism and recreation. 
• Stressed relationships between families, neighbors and entire communities. 
• Civil rights concerns. 
 
 
Because there are no Federal laws and very few state and local laws that regulate 
livestock odor directly, effected citizens may resort to common-law nuisance litigation 
(Hamilton, 1992). 
Due to the high costs associated with this type of litigation, every state has 
“Right-to-Farm” laws that grant protection against nuisance complaints as long as the 
producer complies with related Federal, state, and local mandates regarding manure 
management (Hamilton, 1992).  In 1998, the Iowa Supreme Court ruled that the Iowa 
“Right-to-Farm” law was unconstitutional and amounted to a taking of the petitioners 
rights (Lucht, 1998). This decision set a precedent that calls into question all the states 
“Right-to-Farm” laws. 
 Thus for social and legal reasons, livestock producers should deal with the odors 
emanating from their facilities.   
 
• In a 1998 survey of Iowa farmers, 63 % (n=2,312) agreed that the frequency of odor 
related problems in Iowa was increasing (Lasley, 1998). 
• And, 25% of the respondents feel as though the quality of their lives has been 
negatively affected by livestock odor (Lasley, 1998). 
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There are three main strategic methods for controlling livestock odor (Chapin et al., 
1998a): 
 
• 1)Prevention of odor (i.e. food & manure additives); 2) capture and destruction of 
odorous chemicals (chemical scrubbers and biofilters); and 3) collection, dispersion 
and dilution of odorous chemicals (shelterbelts) 
• Use of multiple control devices improves effectiveness of odor control (Lorimor, 
1998). 
 
Shelterbelts and Livestock Odor Amelioration 
 
Shelterbelts have the potential to be an effective and inexpensive odor control 
device particularly when used in combination with other control methods for added 
effectiveness. The potential of shelterbelts is really defined by the characteristics of 
livestock odors. These characteristics (Smith, 1993) are: 
• Odor source at or very near ground level; 
• Limited plume rise, due to certain weather conditions (i.e. temperature inversions); 
• Plume shows spatial and temporal variability;  
• Plume may be of large areal extent; 
• Close proximity to critical receptors of odor (i.e. people); 
• Odors generated in animal facilities that are intense and detectable at appreciable 
distances all travel as aerosols (Hammond et al., 1981). 
 
There is compelling evidence that shelterbelts will work very well within an 
agricultural landscape to provide odor control by affecting these characteristics. Because 
the odor source is near the ground and the tendency of the plume is to travel along the 
ground (Takle, 1983). Shelterbelts of even modest heights (i.e. 20-30 ft) may be ideal for 
plume interception and disruption (Heisler and DeWalle, 1988; Laird, 1997; Thernelius, 
1997). Shelterbelts can easily be designed as to fit the production situation and 
expected/experienced odor plume shapes.  Also, depending on the shelterbelt design and 
species used, they can deal with the temporal characteristics and provide year round 
plume/aerosol interception. 
  
There are be four primary ways that shelterbelts can ameliorate livestock odors: 
• Dilution of gas concentrations of odor into the lower atmosphere 
• Encouraging dust and other aerosol deposition by reducing wind speeds 
• Physical interception of dust and other aerosols 
• By way of acting as a sink for the chemical constituents of odor  
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Dilution of gas concentrations of odor into the lower atmosphere 
• Shelterbelts create turbulence at the surface of the terrain that intercept and disrupt 
odor plumes traveling in laminar flow helping to push the plume into the lower 
atmosphere facilitating dilution (OCTF, 1998; SOTF, 1995; Takle, undated). 
• Lowering wind speeds over storage lagoons can reduce convection of odorous 
compounds from the surface and allow for slower release of the odor plume which 
also facilitates dilution (Bottcher et al., 1999) 
 
Encouraging dust and other aerosol deposition by reducing wind speeds 
• Pesticide drift mitigation research suggests that due to reduced wind speeds drift 
pesticide will drop from the air stream.  In broadleaf species, downwind drift 
reductions of 70% (no leaves present) to 90% (with leaves present) have been 
recorded (Porskamp et al., 1994) 
• Numerical simulation of the effects of tall barriers around manure lagoons predicted 
reductions in downwind malodorous lagoon emissions of 26% to 92% (Liu et al., 
1996) 
• Wind tunnel modeling of a three-row shelterbelt system has quantified reductions of  
35% to 56% in the downwind mass transport of odorous particulates (dust and 
aerosols) (Laird, 1997; Thernelius, 1997) 
 
Physical interception of dust and other aerosols 
• Meister et al. (1984) suggests that a forest cleans the air of microparticles of all sizes 
by combing out twentyfold better than barren land. 
• Leaves with complex shapes and large circumference to area ratios collect particles 
most efficiently, indicating that conifers may be more effective particle traps than 
deciduous species (Smith, 1994) as well as having an “in leaf” temporal advantage. 
 
By way of acting as a sink for the chemical constituents of the odorous pollution 
 
• Volatile Organic Compounds (VOC’s) have a distinct affinity to the lipophilic 
membrane (the cuticle) that covers plant leaves and needles.  Research on this affinity 
is currently underway (Beattie et al., undated)  
• Researchers have quantified measurable quantities of  anthropocentric VOC’s that 
have accumulated at the surface of plants (adsorption) and within the plants tissues 
(absorption) (Reischl et al., 1989; Reischl et al., 1987; Gaggi et al., 1985) 
• Micro-organisms dominate the surface of plants (Preece and Dickenson, 1977).  
These organisms also adsorb and absorb VOC’s and provide additional surface area 
for pollution collection.  These organisms also have the ability to metabolize and 
breakdown VOC’s (Screiber and Schonherr, 1992; Muller, 1992; Beattie et al, 
undated) 
 
 5 
Economics 
 
• Economic analysis of a new shelterbelt planted around a 3000 head hog facility, using 
scenarios of  “high” cost (10$/ Tree and shrub) and “higher” cost ($25/ Tree and 
shrub), showed the following costs:   
• for the “high” scenario: $0.30/pig for one year, capitalized over 20 years at 
5% it comes to just $0.06/pig 
• for the “higher” scenario: $0.68/pig for one year, capitalized over 20 years at 
5% it comes to just $0.09/pig 
• These costs include maintenance costs 
 
• The relatively low cost of a shelterbelt system would allow most producers to 
economically utilize other odor control techniques (Hoff, 1998).  Using multiple 
control strategies increases the effectiveness of odor reduction (NPPC, 1995; 
Lorimor, 1998).  
 
Increased production costs are often the main barrier to reasonable odor control. 
However, studies have shown that consumers may be willing to pay for socially 
responsible animal production. 
 
• Using contingent valuation methods researchers have determined significant numbers 
of people who would be willing to pay a premium for meat products produced in an 
“environmentally friendly” manner, including odor control (Kliebenstein et al, 1998). 
• The Swine Odor Task Force out of North Carolina has recommended a certification 
process for producers who control air and water pollution. 
 
 
Through the ways identified above shelterbelts should aid producers in achieving the cost 
effective, realistic goals of livestock odor mitigation which are as follows: 
• Reductions in: Odor concentrations reaching populated areas, the number of people 
affected, the time duration of exposure to odors, and the number of occurrences of 
odor events (Penkala, 1977; Smith and Watts, 1994; SOTF, 1995) 
 
Barriers to Adoption of Shelterbelts for Livestock Odor Control 
 
The use of shelterbelts for odor mitigation, and the diffusion of this technology to 
livestock producers as well as communities affected by odor issues, faces several barriers 
to fruition. The most pervasive barriers are as follows: 
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• Lack of technical information regarding shelterbelts: species composition, site 
preparation, planting techniques, maintenance needs, and effective planting designs in 
and around animal facilities.   
• Lack of benefit – cost analysis at farm level as well as community level. 
• Lack of information regarding cost share possibilities. 
• Lack of acceptance and promotion as an odor control technology. 
• Further quantification of effectiveness as odor control device needed.  Current studies 
are underway (Bottcher et al, 1999; Beattie et al, undated; Iverson et al., undated). 
• There often exist cultural barriers to erecting “non-agricultural” structures within an 
agricultural setting. The following are some common concerns: removing crops from 
production, branches and roots may be troublesome, may impede the use of common 
farm equipment, may be habitat for pests. 
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Introduction 
 This literature review is focused on the potential for innovative use of trees and 
other vegetation to reduce livestock manure odor.  The goal is to examine available 
evidence and assess if trees and shelterbelts may: 1) be able to help control odor through 
physical and biological means, and 2) be an economically feasible technology.   
 The current stage in the evolution of livestock agriculture in the United States is 
toward increased industrialization and involves the infusion of multiple technologies, the 
concentration of production and processing facilities and the integration of inputs to 
production, processing, and marketing.  This evolution is most easily identified by 
increases in the overall size of the facilities and in the average number of animals per 
farm system as well as the advanced use of animal confinement systems.  These changes 
in size are primarily due to perceptions that large operations benefit from economies of 
scale, particularly in terms of expenditures for labor, feed, and facilities, which have 
caused producers to try to capture those potential benefits (SOTF, 1995).   
The industrialization, consolidation, and concentration of animal production in the 
U.S. is not unique to any one single livestock group.  This is and has been a trend in all 
the major livestock types: that is the cattle, dairy, swine and poultry industries (for the 
purpose of this study poultry is considered “livestock” where as much literature will 
separate poultry into its own category).  Examples of this trend in the U.S. are numerous.  
 In terms of overall animal production in the U.S., the total number of animal units 
(AU’s) increased about 4.5 million (about a 3% increase) between 1987 and 1992.  An 
animal unit is an index that sums the number of animals, across species, based on average 
liveweights per species.  According to U.S. Environmental Protection Agency (EPA) 
specifications one AU equals one beef head, 0.7 dairy cows, 2.5 hogs, 55 turkeys, and 
100 chickens.  However, during this same period, the number of livestock farms 
decreased, indicating a consolidation within the industries overall and greater production 
from fewer, larger production facilities (EPA, 1999).  
 
a Source US EPA, 1999 
 
Figure 1: US Industry Consolidation of Cattle, Dairy, Hog, Layer, Broiler and Turkey 
Animal Feeding Operations in 1978 and 1992. a  
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Table 1. Increase in the Average Number of US Animal Units (AUs) per Operation from 
1978 to 1992. a  
Operation Type Increase in AU’s   
Cattle 56 %   
Dairy 93 %   
Hog 134 %   
Layer 176 %   
Broiler 148 %   
Turkey 129 %   
a Source US EPA, 1999 
 
Above in Figure 1, a comparison of 1978 and 1992 shows this consolidation 
within the industries; likewise, Table 1 displays the increase in the average number of 
AU’s per operation from 1987 – 1992.  
Through the use of confinement systems, often a large number of animals are 
concentrated into relatively small geographic areas.  To get a brief idea of how many 
large-scale confinement systems there are, in the cattle industry, only 2 percent of feed 
operations accounted for 40 percent of all the cattle sold in 1997 (US Senate Committee 
on Agriculture, Nutrition, & Forestry, 1997). In 1984, 50% of beef cattle that were 
fattened in lots with greater than 16,000 head capacity (Eghball and Power, 1994a).  In 
1998, there were about 9,400 U.S. cattle and calve operations with over 1000 head, with 
46% of the inventory in Nebraska, 19% in Missouri, and 12% in Iowa (USDA, 1999a).  
In the U.S. milk cow industry there were 7,455 operations in 1997 that had over 200 
head, with 24% of the operations located in California and 9% in Texas (USDA, 1999b).  
The poultry industry, between 1969 and 1992, saw the number of broiler house chicken 
farms decrease by 35 percent while production during that same time nearly tripled (US 
Senate Committee on Agriculture, Nutrition, & Forestry, 1997). The number of U.S. hog 
operations whose inventory was over 5,000 head was 1,915 operations and accounted for 
42% of the total inventory (USDA, 1998).  And to look at a livestock industry generally 
not considered major, such as sheep, consolidation of production also occurs.  In terms of 
breeding sheep in 1999, 39% of the total sheep inventories were on operations of between 
500-4,999 head and 15% were on farms of over 5000 head, with most of the production 
in Texas and California (USDA, 1999c).  
 
The U.S. Swine Industry 
 In the 1990’s there were such remarkable changes in the pig production process as 
well as geographic migration of production sites that this subject is worthy of additional 
examination.  From the 1950’s to 1990, the industrialization of the U.S. swine industry 
lagged behind the industrialization of other U.S. livestock and poultry industries.  For 
example, in the 1950’s the poultry industry made structural changes while becoming fully 
industrialized.  The industrialization of the swine industry was thought to be following 
right behind. It has occurred just forty years later (Hurt, 1994).  The industrialization of 
the swine industry, like all the other modern animal production industries, is linked to 
structural change caused in part by specialization and intensification of production.  
Again the increased size of a swine production facility is an integral part of the 
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substitution of capital for labor that characterize a developing economy and occurs in 
varying degrees, in all parts of agriculture (Rhodes, 1995).  
The evidence of swine production intensification in the U.S. is 1) that the number 
of hog farms in the US decreased from the high of about 1.1 million in 1965 to about 
114,380 in 1998 (USEPA, 1999) and 2) that from 1991-1997 the number of US hog 
operations declined 8.9% annually, yet the number of hogs marketed during that period 
increased by 14% (Parcell and Dhuyvetter, 1997).  The average hogs per farm in Iowa 
(the nations number one producer) were 579 in 1995, a 58% increase from the 1989 
average.  The average for North Carolina (the number two producer) was over 1,200, a 
511% change (Benjamin, 1995).   
Productivity within the swine industry has increased over the past 15 years with 
rapid technological advances in disease control, genetics, and management practices 
(Benjamin, 1995).  This has led to increased pigs per litter and market weights and the 
rapid improvements on meat quality as well as an increase in the ratio of annual pork 
production per head of breeding stock (Dhuyvetter and Parcell, 1997).  As a result of 
these productivity gains, U.S. swine producers today can produce the same amount of 
pork as in 1980 which was the peak year for per capita pork production, using less labor, 
less feed, and an inventory of 20 % fewer hogs (Benjamin, 1985).   
Demand for pork products has increased as well.  The pork producers and 
processors have responded to consumer tastes and preferences to improve meat quality, 
consistency and leanness, causing domestic and international demand to increase 
dramatically.  Between 1987 and 1997, pork exports increased 700% by volume 
(Reifschneider, 1999).  The U.S. average consumption of pork increased by 5 pounds in 
1998, the only meat protein source with any significant increase in consumption 
(Reifschneider, 1999).  The relatively high rate of return on capital invested in pork 
production has been noted as another factor leading to increased industrialization of the 
pork industry (Hurt, 1994).  Indeed, swine farms who are part of the Iowa State 
University records program achieved > 25 % annual average rate of return on capital  
from 1980 to 1994 (Hurt, 1994).  Interesting to note that from 1994 to 1999 the swine 
industry as a whole has seen its financial situation change considerably with periods of 
very depressed market prices, it appears to be the larger farms as a whole have largely 
been able to remain in business.   
Another major factor influencing the changes in the swine industry is the 
economic importance the industry has on regional economies.  In Iowa, pork production 
generated receipts of $3.0 billion in 1996 (Scanes, 1998).  In North Carolina, pork 
production has overtaken tobacco and poultry to become the primary agriculture product, 
with gross farm income of about $1.6 billion in 1996 (SOTF, 1995).   
The regional importance of the swine industry is not unique to just the United 
States but applies to any agricultural region producing hogs.  For example, an economic 
impact analysis for Alberta, Canada reported that as a result of production expenditures, 
each hog operation with 1,000 sow equivalents are estimated to contribute between $3.5 
and $3.8 million annually to the local economy, and an additional $100,000 to $500,000 
regionally (Alberta AFRD, 1998).   
Though this evidence about contributions to regional economics is compelling, 
there is growing dissent regarding the total socio-economic and environmental benefits to 
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local and regional communities stemming from large-scale animal production (Thu, 
1998).   
  
Manure 
With the greater number of livestock and increased size of production facilities, 
has come larger, more concentrated quantities of animal waste.  In the U.S., about 130 
times more animal waste is produced annually than human waste.  To get an idea of 
manure produced per typical livestock animal, Table 2 lists average pounds of manure 
eliminated per day by animal.  Estimated annual solid manure production is about 1.37 
billion tons in the U.S. (US Senate Committee on Agriculture, Nutrition, & Forestry, 
1997).  Table 3 below displays estimated annual U.S. manure production for cattle, hogs, 
chickens, and turkeys. 
 
Table 2.  Average manure production for various livestock animals.a 
Animal  Manure (Pounds 
per day) 
  
Dairy Cow (1000 pounds) 86   
Beef Cow (1000 pounds) 60   
Finishing Pig (150 pounds) 10   
Sow and Litter  23   
One Chicken 0.21   
aSource Mid West Plan Service,1985 
 
Table 3.  Estimated annual U.S. manure production (1997). a 
Animal Solid Manure (Millions 
of Tons/year) 
  
Cattle 1229.2   
Hogs 116.7   
Chickens 14.4   
Turkeys 5.4   
Total 1365.7   
a  Source US Senate Committee on Agriculture, Nutrition, & Forestry, 1997 
 
In addition to the major livestock species discussed thus far, several other types of 
livestock are also often produced in confinement systems.  Power and Eghball (1994b) 
examined manure management for such species as sheep, goats, horses, veal, calves, and 
mink.  It was estimated that from these five classes of livestock, about 130- 143 thousand 
tons of nitrogen and 28 thousand tons of phosphorus from manure are produced annually 
under confined conditions, with about 60% coming from horses and 30% from sheep. 
Almost all of this manure produced in confinement is applied to land.  It had been noted 
that though this manure production is small in comparison with that produced by the 
major livestock and poultry groups, many of these other animals (horses and mink in 
particular) are raised within fringe boundaries of urban areas and near urban populations 
where odor and waste utilization concerns often become acute.  The agronomic and 
environmental effects of manure produced by these animals do not differ significantly 
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from those of the major livestock and poultry groups therefore these animals do 
contribute to odor causing conditions (Power and Eghball, 1994b). 
 
Major Externalities of Confined Animal Production 
 
Water Quality  
  The U.S. livestock and poultry industry has responded to the concentrated 
quantities of manure with waste management technologies to reduce or prevent 
environmental effects.  Of particular concern, are odor and water quality pollution.  
Wastewater can leak from lagoons into ground water resources or can be released into 
surface waters from run-off or spills (Okun, 1997).  For instance, one study from North 
Carolina examined seepage rates from manure lagoons across a range of soil types and 
found that about 55% of the lagoons surveyed experienced “moderate to severe” rates of 
seepage (Huffman and Westerman, 1995).  Another recent report that was commissioned 
by the Iowa State legislation determined that 72 percent of 40 manure lagoons surveyed 
from five different regions in Iowa were seeping faster than state pollution laws allowed 
(Glover, 1999).   
 Manure spills are a severe and recurring problem in many swine producing states.  
Isn 1995, 35 million gallons of spilled animal waste killed an estimated 10 million fish in 
North Carolina (Source US Senate Committee on Agriculture, Nutrition, & Forestry, 
1997).  In Iowa, fish and other organisms were killed along a ten-mile stretch of the Iowa 
River after 1.5 million gallons of manure were spilled in 1996 (Jackson, 1998).   
 When manure is present in surface waters, microorganisms in the water facilitate 
the decomposition and/or oxidation of organic matter in the manure, thus the oxygen 
level decreases and fish suffocate (Chastain, undated).  Chastain (undated) indicated that 
the pollution strength of raw livestock manure is about 160 times greater than raw 
municipal sewage.  Diluted manure such as from runoff from outside cattle lots has a 
pollution strength that is two to four times greater than raw municipal sewage.  Also 
noted in the literature, excess nutrients in water can either result in or contribute too: 
eutrophication, anoxia (the lowering of dissolved oxygen), toxic algal blooms, and 
outbreaks of microbes such as Pfiesteria piscicida and pathogens such as Cryptospridium 
(US EPA, 1999). 
 
Odor 
 Odor is a serious nuisance problem.  It has been noted by odor researchers that 
perceptions of odor differ from individual to individual and are characterized by personal 
preferences, opinions, experiences, and variability in our olfactory systems (Williams, 
1996).  There are also specific conditions that can govern our perceptions of livestock 
odor (Williams, 1996; SOTF, 1995): 
!"Control – People often are better able to cope with objectionable odor if it is believed 
that they have some control over the situation. 
!"Understanding – In many cases, people can tolerate a problem better if they 
understand its source.  Being accustomed to the odor causing situation. 
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!"Context – People react as much to the context of an odor as they do the odor itself.  
Preferences, imagination, cultural associations, and visual images often all play a role 
in odor perception, i.e. if someone perceives swine to be filthy animals, that person 
would be more likely to find swine odors quite objectionable.   
 
The trend in U.S. livestock industry has affected all of these conditions as production has 
expanded from the typical mid-western swine/animal belt states to areas west and the 
southeast, often where environmental laws are more lax.  This brings livestock 
production into contact with people who are less experienced with and often less 
understanding of farming.  Urban expansion has caused co-mingling of rural and urban 
communities, putting homes in closer proximity to livestock producers.  For example, a 
1998 survey of Iowa farmers conducted by Iowa State University found that 46% of the 
2,312 survey respondents live ½ mile or less from a livestock facility (see Figure 2) 
(Lasley, 1998).  This finding is consistent with average separation distances nationwide.  
Table 4 lists the average separation distances of U.S. pork producers by operation size, 
showing that the majority of sizable hog odor sources are less than one-half mile from the 
nearest occupied home (USDA, 1996).  As discussed in detail later, under certain weather 
conditions, odor can travel much further than one half mile (NPPC, 1995). 
All of these factors (changes in geographic location, urban expansion, limited 
separation distances) have caused the issue of odor control to become of paramount 
concern for the public and for livestock producers.  
 
Figure 2.  Distance from annual survey respondent’s residence to closest neighbor’s 
livestock facility.  Source, Lasley, 1998  
 
 
 
 
Between 1 
and 2 miles
18%
Between 1/2 
and 1 mile
25%
Over 2 miles
11%
Between 1/4 
and 1/2 mile
26%
Less than 1/4 
mile
20%
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Table 4.  Average separation distances of U.S. hog manure storage facilities and manure 
lagoons from the nearest occupied house. a  
Capacity of Hog Facilities  
 
500-999 
(# Head) 
1,000-2,499 
(# Head) 
+2,500 
(# Head) 
Storage Facility to Nearest 
Occupied House (ft) 
 
755 770 1,200 
Manure Lagoon to Nearest 
Occupied House (ft) 
1,386 1,344 3,191 
a Source USDA, 1996 
 
Livestock Odor and Socio-Economic and Environmental Concerns 
There are serious social ramifications involved with the issue of livestock odor 
and odor management.   Much research supports the concern that livestock generated dust 
and gas concentrations can affect human and animal mental and physical health  
(Schiffman et al., 1998; Cunnick, 1995; Donham, 1998a; Donham, 1998b).  Also, there is 
increased concern that bio-aerosols and airborne endotoxins within the odor plume could 
cause humans and animals health problems (Homes, 1995).  Research points to decreased 
real estate values (Hudson, 1998; Colindres, 1998; Palmquist, 1997) and negative effects 
on recreation and tourism (Okun, 1997; Hatfield, 1997).  Neighbors and communities are 
being strained by the livestock odor issue (Chapin, 1998; Thu, 1998; Thu, 1997; Person 
et al., 1995).  Legal and civil rights battles have been cited in the national media 
including a Pulitzer Prize winning news article from the News & Observer, Raleigh, NC 
and a “60 Minutes” piece about large-scale hog farms and African-American 
communities (Thu, 1998; News & Observer, 1995).  
 
Legal Considerations and Livestock Odor 
To date, odor and air quality issues involving industrialized animal production in 
the U.S. have received relatively little regulatory attention.  Unlike many European 
livestock producing countries, there are no U.S. federal laws and that regulate livestock 
odor directly (Chapin et al., 1998a; Hamilton, 1992), some countries with strict livestock 
odor control laws include Great Britain, the Netherlands, Germany, Denmark, Sweden, 
and Greece.  There are also very few state laws regulating odor directly, for example, 
Minnesota has a hydrogen sulfide reduction program which is currently the most 
extensive livestock air pollution program in the United States (Chapin et al., 1998a).  
Oklahoma signed Senate Bill 1175 in June of 1998 which includes a provision requiring 
an Odor Abatement Plan (OAP) for new and expanding swine facilities. The OAP must 
include preventative, site-specific methods for reducing odor from: 1) animal 
maintenance sources, 2) waste storage, 3) land application, and 4) carcass disposal 
(Chapin et al., 1998b).  However, there are no provisions regarding success of abatement 
and /or monitoring. Also, Colorado just recently declared that owners of factory hog 
farms would have to cover waste lagoons and control odors emanating from their 
operations under rules adopted by the Colorado Air Quality Control Commission (Eddy, 
1999).   
 14 
Most other state regulation involving odor is ancillary to other concerns such as 
water quality issues.  For example, odor controls typically include enforced separation 
distances from occupied dwellings, wells, and surface water, although such regulation 
occurs mostly to protect surface and belowground water quality (Heber, undated).   
Federal interpretation of odor issues can be summed up in the EPA 
administrators’ office stating that odors are a local problem amenable to local controls 
rather than a national problem requiring national controls (Sweeten and Levi, 1996).  In 
short, the U.S. EPA also offers no odor control assistance.  This statement may be the 
result of the assumption that almost all malodorous substances are thought to be non-
toxic, organic or highly reactive inorganic compounds, that do not cause physical damage 
or pollute anything (at least in a legal sense) (Sweeten and Levi, 1996).   
Until recently, there was not much information regarding any chronic or acute 
medical conditions caused by repeated or prolonged exposure to odor concentrations.  
This topic is being studied to a higher degree now (Schiffman et al., 1998; Donham, 
1998; Cunnick, 1995; Donham, 1990) and it may play a more significant role in future 
odor control regulation.   
This lack of regulation in the U.S. has forced neighbors of animal production 
facilities to resort to traditional common-law nuisance suits instead of depending upon 
agency intervention (Chapin, 1998; Hamilton, 1992).  State “right-to-farm” laws typically 
have extended animal producers some protection against nuisance suits, however, recent 
changes in some states have left many producers vulnerable to litigation and indeed some 
odor related lawsuits have recently gone to trial (Chapin, 1998; Gault, 1998; News and 
Observer, 1995).   A 1999 Animal Confinement Policy Task Force survey, of the 35 
participating states, 17 indicated that currently there was active court action involving 
confined livestock operations, much of it odor related (Edelman, 1999).    
The high costs that are often associated with defending nuisance suits, even when 
successful, make them a very serious issue to all livestock producers in the U.S. and 
worldwide (Hamilton, 1992).  The cost and risk of litigation are, perhaps, the major 
reasons why all 50 states have created right-to-farm laws protecting, to an extent, the 
rights of food producers to produce the nation’s most important commodity without fear 
of litigation over common farm externalities (Hamilton, 1992).  These laws are designed 
to protect existing agricultural operations by giving farms that meet state (and Federal) 
mandated legal requirements a defense against nuisance suits (Chapin et al., 1998a; 
Hamilton, 1992).  North Carolina's right-to-farm law is typical.  It declares that an 
agricultural operation, which has existed for a year without being a nuisance, is presumed 
not to be a nuisance even when new neighbors move adjacent to it.  This applies to any 
rural neighbors as well as urban and suburban expansion (Nolo Press, undated).    
Several states list specific annoyances that are not considered a legal nuisance to 
neighbors.  The lists include odor, noise, dust and the use of pesticides, the very 
conditions that, without the right-to-farm laws, could lead to a lawsuit by a neighbor.  
Right-to-farm laws do not give farmers complete freedom to manage their operations 
with disregard.  Farmers must operate in a legal and reasonable manner to be eligible for 
the law's protection.  Some states, New York and Florida for example, do not allow a 
protected farming operation to undergo a large increase in size (Hamilton, 1992).  Many 
right-to-farm laws do not allow farmers to substantially change their operations, if they 
are to remain protected under the law.  Also no right-to-farm laws protect operations that 
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do not follow normal waste management procedures and regulations or who deliberately 
annoys neighbors (Nolo Press, undated).   
 Of considerable importance to this issue the Iowa Supreme Court made a decision 
on September 23, 1998 that effectively struck down the Iowa right-to-farm law, Iowa 
Code, Chapter 352.11. (Borman v. Board of Supervisors, No. 192/96-2276, Iowa, 
September 23, 1998).  The court unanimously ruled that the nuisance protection such as 
odor from livestock production, offered to Iowa farms operating in designated 
agricultural areas, amounted to an easement and was fragrantly unconstitutional (Lucht, 
1998).  The Justices concluded that “the challenged statutory scheme amounts to a 
commandeering of valuable property rights without compensating the owners, and 
sacrificing those rights for the economic advantages of a few…(and) is plainly we think 
flagrantly unconstitutional.” (NRDC, 1998).   
When the United States Supreme Court refused to rehear the Iowa case and let the 
ruling stand, it opened up the possibility for national ramifications, putting into question 
all the 50 states right-to-farm laws.  In Iowa, opinions relating to the court decision are 
varied.  The Iowa Center for Rural Affairs (1998) hoped the decision will “open up the 
door for debate on policies relating to pork production in Iowa and other states and allow 
the state to promote responsible pork production on independent, family farms”.  The 
Iowa Pork Producers Association, however, was very much concerned that the ruling 
would open the door to removing other nuisance protection clauses and damage the 
attractiveness of investing in agriculture (Lucht, 1998).  The Iowa Farm Bureau 
considered the ruling a serious threat to livestock production across the country.  
However, the words of a Springville, Iowa family farmer may be the most salient: 
“(Animals) smell.  Where are we going to raise them?” (Cedar Rapids Gazette, 1999). 
 
Livestock Odor and Odor Control 
Regardless of how odors may cause air and water pollution and perhaps human 
and animal health problem, odors need to be dealt with by livestock producers.  Lasley 
(1998) in an annual survey of Iowa farmers indicated that 85% of the surveyed farmers (n 
= 2,312) believed that people who live in the country must accept the presence of 
livestock.  While most (71%) of Iowa farmers also feel that most livestock producers are 
doing a reasonable job in controlling negative externalities (i.e. odor and noise), 63 
percent agreed that the frequency of livestock odor is increasing in Iowa.  Lasley also 
reported that while 83 percent of the farmer respondents indicated that they were not 
opposed to neighbors raising livestock just as long as it did not affect their quality of life.  
Nearly one-fourth of the respondents, however, perceive that neighboring livestock 
production is diminishing their quality of life.  Odors from livestock and poultry 
production and manure storage and land application were listed as the major detractors to 
their quality of life (Lasley, 1998).   
Many odor control management technologies are available.  They generally fall 
into one of three strategic categories: the first deals with the prevention of odor and 
involves technologies such as manure and feed additives; the second technology attempts 
to capture and destroy odors before they are released into the atmosphere and involve 
techniques such as chemical scrubbers and biofilters; and the third technique uses 
innovations that attempt to disperse and/or dilute odors before they can accumulate and 
become a nuisance and involve manipulating air movement using barriers made of living 
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trees and shrubs (Schmidt and Jacobson, 1995).  It is this last strategy that is the 
particular focus of this review.   
  
Shelterbelts Defined 
 In simple terms, shelterbelts are vegetation systems that typically use trees and 
shrubs to redirect wind and reduce wind speeds, thereby modifying environmental 
conditions within the upwind and downwind sheltered zones.  In early research the 
concepts of shelterbelts and windbreaks were differentiated.  Shelterbelts were defined as 
tree plantings designed to protect fields from soil erosion and to improve crop yield, 
whereas windbreaks were defined as tree plantings designed to provide wind protection 
for a farmstead or a feedlot (Baer, 1989).  More recent literature, however, often uses 
these terms interchangeably and has expanded the type of vegetation considered effective 
for shelterbelt purposes.   
 The effects from a shelterbelt depend on several physical and management 
characteristics.  The internal and external structures of a shelterbelt are very important.  
In terms of the internal structure, porosity (also often referred to as density) is the most 
commonly used descriptor, porosity being a simple ratio of perforated area to total area 
(Heisler and DeWalle, 1988).  Shelterbelts with a porosity/density of 40 to 60% provide 
the greatest reduction in wind speed over the greatest distance (Brandle and Finch, 1991).  
External structure can be described as the height, width, number of rows, species 
composition, length, orientation, continuity, and design of the vegetation used.  
Management characteristics can include: the goals of the shelterbelt; species selection, 
planting technique and planting design; manipulation of porosity; and maintenance 
(Brandle, 1998).   
 The basic wind dynamics involved with a shelterbelt are that when wind 
approaches a windbreak, some of it will pass through the vegetation, some will pass 
around it, with the remaining wind being lifted up and over the belt of vegetation.  The 
lifting aspect will begin at some distance on the windward side, typically a distance equal 
to 2 to 5 times the height (referred to as 2 –5 H) of the shelterbelt.  Measured reductions 
in wind speed to the lee (downwind) of a shelterbelt have been varied, with some being 
recorded as far as 50H of the shelterbelt (Heisler and DeWalle, 1988).  Wind speed 
reductions to about 30H are more typical.   
 As a result of these reductions in wind speed and changes in the turbulent transfer 
between stratified air layers, a site can experience beneficial microclimate changes.  
These beneficial changes include: solar radiation transfers (the amount of energy per unit 
surface area per unit time), improved temperature conditions, more efficient moisture 
relations, and increased CO2 fluxes.  The magnitude of microclimate changes will vary 
within and between shelterbelt systems depending upon the internal, external, and 
managerial characteristics of the system.  
 Microclimate modification has been linked to increased yields of forage and field 
crops.  Crops that seem to benefit most from shelter are corn, sugar beets, winter wheat, 
rye, barley, millet, alfalfa, hay (Schroeder and Kort, 1989; Kort, 1988).  Because of 
enhanced efficiency in moisture use, yield increases due to shelterbelts are often more 
prominent in drier climates and during drier years.  These yield increases can provide 
improved economics to marginal lands (Norton, 1988).  
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 Changes in wind dynamics can benefit farm systems by reducing soil erosion 
(Tibke, 1988).  Lower wind speeds can reduce damage to tomatoes, peppers, leaf lettuce, 
peas, beans, and other garden vegetables (Wight et al., 1991).  Sheltering animals from 
summer and winter winds is a major benefit to outdoor livestock production as there is 
often a reduction in animal stress, improved animal health and birthrates, and increased 
feeding efficiency (Quam and Johnson, 1994).  Areas that have frequent dust storms 
benefit from control of blowing dust (CDC, 1988).  Fruits and vegetables that require 
insect pollination also greatly benefit from wind protection (Naeve, 1995; Wight et al., 
1992; Kort, 1988).  Reduced windspeed can improve the effectiveness of pesticide 
application, through reduced drift and evaporation so that more of the chemical reaches 
the target plants (Ronneberg, 1992).  Another potential benefit is in the control of drifting 
pollen from a non-organic farm into an organic farm.  The organic certification process 
precludes organic foods that may have been pollinated by genetically altered organisms.  
Also, reduced wind speeds can also improve working and living conditions for humans. 
 Possible market products and conservation benefits from the shelterbelts include:  
wood products, forage crops, nuts, berries, and flowers.  Shelterbelts can be used within a 
riparian (stream) buffer system to help control runoff from agriculture fields.  Shelterbelt 
systems have been used for years to help control noise, such as that coming from airports 
and highways (Vanhaverbeck and Cook, 1972).  These systems are now being 
investigated for their potential as carbon sinks to offset atmospheric carbon emissions 
(Kort and Turnock, 1996).  Shelterbelts also provide wildlife habitat for many mammal 
and bird species (Ronneberg, 1992;  Johnson et al., 1991).   
 Improved aesthetics is also a major benefit as noted in Ronneberg (1992), “Visual 
diversity…(is) preferred to open landscape”.  It is generally accepted that a well-
landscaped livestock operation, which is visually pleasing (or even hidden from view by 
landscaping) is much more accepting to the public than one which is not (Lorimor, 1998; 
NPPC, 1995; Melvin, 1996).  If it is made known to neighbors and local communities 
that a shelterbelt is being used as a pollution (air or water) control tool, it can serve as 
very visible proof that a livestock producer is making an effort to control some of their 
externalities.  Such a thing may prove valuable in terms of public relations. 
 There are few economic analyses of shelterbelts where the results can be 
generalized to many regions and situations.  One primary reason for this is that each farm 
situation involving shelterbelts has unique management goals and uses different planting 
designs, making analytical results site specific.  For those studies that are available the 
results are favorable.  In one study, an attempt was made to determine if yield increases 
due to the use of shelterbelts is sufficient to offset the costs associated with the cropland 
removed from production.  Brandle et al. (1992) calculated the economic profitability of 
shelterbelt investments for several hypothetical farm situations based on the benefits and 
costs over time.  Using a capital investment, net present value (NPV) approach, Brandle 
et al. determined that investment in an shelterbelt that occupies 5% of a farm field is 
economically sound over a range of economic and crop production parameters.  It was 
further concluded that long-term crop yield for soybeans, corn, and wheat of just 6%, 
more than compensate for the cost of establishing the shelterbelt and the loss of crop 
output from acres taken out of production (Brandle et al., 1992).  Ronneberg (1992) 
summarized another Brandle led study (Brandle et al., 1984) that investigated the 
economic benefits of a two-row windbreak system on a 160-acre winter wheat field that 
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at its largest, the windbreak occupied 6.25 % of the field.  Below in Table 5 are some of 
the key facts and figures of that study as documented by Ronneberg. 
 
Table 5.  Economic data from economic benefits analysis of a two-row windbreak system 
on a 160 acre winter wheat field. a  
• Total cost of establishing shelterbelt system over three years:  $5, 320 
• Number of years until the increased yields fully compensate for acreage occupied by 
shelterbelt:  8 
• Number of years until shelterbelt is fully matured:  12 
• Yield increase with mature shelterbelt:  15 percent 
• Annual economic benefit of mature shelterbelt (due to increased yield, lower 
production costs):  $2, 555 
• Present value of cash flow due to shelterbelt was:   
- $22, 184 at 5 percent real interest rate 
- $5, 450 at 10 percent real interest rate 
- $589 at 15 percent real interest rate 
a Data from Brandle, 1986 and Brandle et al., 1984, summarized by Ronneberg, 1992 
 
It is important to point out that only the economic benefits from increased crop yields 
were considered in these studies.  If some of the other above-mentioned benefits (i.e, 
pollution buffering, product diversification, recreation potential, CO2 sequestration) from 
shelterbelts were considered the net return would most likely be even more favorable. 
 
Shelterbelts and Odor 
 Several factors need to be considered to assess the ability of shelterbelt vegetation   
to ameliorate odors emanating from livestock facilities.  Key information includes the 
animal type and management system being utilized, and the physical source of odor. 
Others are the chemical makeup of odor and the odor emission type - dust or gaseous 
emission.  Four primary ways that a shelterbelt system may cause reduction in 
malodorous compounds associated with livestock production have been identified:  
 
1) Dilution of gases into the lower atmosphere;  
2) Reduction of surface winds allowing for dust and aerosol deposition;  
3) Physical interception of dust borne odor particles; and the 
4) Chemical adsorption and absorption onto/into the vegetation and the micro fauna and 
flora residing upon the vegetation. 
 
The potential of shelterbelts for agricultural odor mitigation is really defined by the 
characteristics of livestock odors.  Agricultural odor sources are unique compared to 
other large-scale odor sources such as industrial sources in that the odor source is at or 
very near ground level, there is limited plume rise due to the vertical momentum or lower 
density of a mass flow of warm gas, the odor source may be of relatively large areal 
extent, the spatial and temporal variability in emission rates, and of particular import, the 
critical receptor zone (people encountering the odor) may be relatively close to the source 
of emissions (Smith, 1993).  For these reasons, shelterbelts may work very well within an 
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agricultural landscape to provide assistance in odor control.  Because the odor source is 
near the ground and the tendency of the plume is to travel along the ground (Takle, 
1983), shelterbelts of even modest heights (i.e. 20-30 ft) may be ideal for plume 
interception (Laird, 1997; Thernelius, 1997; Heisler and Dewalle, 1988).  Shelterbelts can 
easily be designed as to fit the production situation and expected odor plume.  Also, 
depending on the shelterbelt design and species used, they can deal with some of the 
temporal characteristics and provide year round plume interception. 
It is important to keep in mind that the use of shelterbelts to help ameliorate the 
effects of odor is not limited to livestock producers. Rural residents, people living in 
expanding urban areas close to agriculture fields, and recreational sites can also plant 
shelterbelts in and around their homes, neighborhoods, and communities. The public can 
take a proactive role in current and future protection against odor problems emanating 
from existing, new, or expanding livestock operations. 
 
Important Aspects of Livestock Odor 
When dealing with odor, the location of where the odor develops is a very 
important consideration.  There are three primary sources of odor in confined animal 
production: the animal confinement buildings, manure storage facilities, and land 
application (Swine Odor Task Force, 1995).  Hardwick (1986) counted the number of 
agricultural premises in the United Kingdom that were causing justifiable odor 
complaints and found that among 1,820 pig, cattle, and poultry farms, 46% of the 
complaints were associated with slurry spreading, 25% regarding building odors, 19% 
were in regards to manure storage.  Most complaints were associated with pigs (56%) 
followed by poultry (24%), and cattle (20%) (Hardwick, 1986).  In another UK based 
study, it was found that of the 2200 odor complaints in the year 1984, over 50% were 
associated with pig farms and almost 50% of the total was associated with the spreading 
of slurry or manure on the land (Pain et al., 1988).  Swine odors typically are associated 
with most odor complaints because of characteristics specific to swine manure.  Swine 
excretions are the most liquid of all livestock excretions, which quickly leads to 
anaerobic decomposition and producing stronger and more toxic odors than dry manure 
(Ritter, 1989).  Another characteristic of swine manure is that it has very high biological 
oxygen demand (BOD) and will start to anaerobically decompose within 24 hours of 
elimination (Barrington, 1997).   
  
Land Application of Livestock Manure 
 The manure of livestock is very nutrient rich and is often utilized as fertilizers for 
pastures, crops, and even woodlands (Chapin et al., 1998a).  Farms that integrate crop 
and livestock production often use manure to reduce the need for chemical fertilizers and 
can reduce farm operation costs significantly. A study that examined the economics of 
various application rates of liquid manure in Iowa, noted that the highest economic return 
($379) was from lands treated with manure applied at 2000 gallons per hectare compared 
to commercial fertilizers ($337) at the recommended rate for that region and crop (Chase 
et al., 1991).  Chase et al. concluded that with increasing cost of chemical fertilizers, the 
profitability of using manure as a nutrient source will increase.  A major problem 
associated with this is that most confined animal producers do not integrate livestock and 
crop enterprises.  Letson and Gollehon (1996) reported that the number of animal units 
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per available acre for land application of manure differed considerably with facility size.  
Large-scale producers have the smallest area of cropland.  As an example Letson and 
Gollehon noted that 1 percent of beef feedlots (the largest producers) produce 71 percent 
of fed beef, but have only 2 percent of the cropland on feedlot beef farms.  Below in 
Table 6, data from 1992 illustrates this disparity between the size of operation and 
available cropland.  Because of this condition livestock producers are often forced to 
transport solid and liquid manure significant distances for fertilization purposes.  
Transporting liquid manure comes with high cost, thus limiting the distance that most 
producers are willing to haul liquid manure to about a maximum of 1 mile.   
 
Table 6.  Farm type, animal units (AU), and cropland, by confined animal facility size, in 
the US, 1992.  
Animal Type Small (<50 AU) 
Acres of cropland (1,000 
acres) 
Medium (51-999 AU) 
Acres of cropland 
(1,000 acres) 
Large (>1,000 AU) 
Acres of cropland 
(1,000 acres) 
Fed Beef farms 34, 199 10,160 1,117 
Dairy farms 6,097 32,542 515 
Swine 17,029 37,121 1,795 
Turkeys 848 535 33 
Layers 8,848 881 149 
Broilers 2,207 1,371 211 
a Data from Letson and Gollehon, 1996 
 
Manure from cattle in a feedlot is usually solid and considered an economical 
chemical substitute for fertilizer.  Studies in Alberta, Canada found the economical 
hauling distance for manure from large scale beef feedlots (hauled in single axle trucks)  
to be about 9.4 miles (Freeze and Sommerfelt, 1985).  In the US where most beef 
production occurs, has considerable crop acres, so a nearby land base exists for utilization 
of the manure (Eghball and Power,1994a).  Acceptable soil loading rates for livestock 
manure have not been adequately defined, however.   
The high cost for manure hauling combined with the lack of information 
regarding acceptable rates of manure application often encourages over-application on 
fields located as close to the animal production sites as possible.  Over-application, 
particularly repeated over-application, can lead to many different environmental and 
economic problems.  Problems of particular concern include: run-off pollution (Letson 
and Gollehon, 1996), ground water contamination (particularly from nitrate leaching) 
(Jackson, 1998; Bailey and Buckley, 1998), nutrient loss and air pollution concerns 
(particularly ammonia volatilization) (Bailey and Buckley, 1998; Berglund and Hall, 
1988), possible crop damage from excessive nutrients (particularly phosphorus which can 
build up in the soil), and of course, odor. 
Vegetation can be useful to control odors emanating from these fields (this aspect 
is discussed in detail in later sections) and to provide an additional sink for manure, in 
some small scale cases limiting hauling distances and reducing, to some degree, potential 
over-application on agricultural fields.  A study from Iowa of land application of treated 
municipal biosolids to a system of tree rows and alley crops has shown that trees within a 
shelterbelt system can effectively utilize nitrogen.  With 150 to 300 pounds per acre of 
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nitrogen applied to the hybrid poplar trees, tree biomass was enhanced by 30 to 40 
percent compared with no nitrogen application and that no off-site negative impacts occur 
on soil and water resources (Thompson et al., 1996). 
Constituents of Livestock Odor 
 When discussing odor, the distinction should be made between odors and gases.  
The term "odor" actually refers to the complex combination of gases, vapors, and dust 
that result from both the feed method, animal living arrangements and the anaerobic 
decomposition of manure (Chapin et al, 1998, NPPC, 1995).  Anaerobic decomposition 
of animal manure involves a complex series of digestive reactions by diverse populations 
of bacteria that metabolize the nutrients contained within the manure and subsequently 
converts these chemicals to various odorous compounds (Williams, 1996).  Aerobic 
manure management does exist and odors emitted from such systems are considerably 
less noticeable than anaerobic systems.  However, anaerobic manure management is 
more cost effective and thus more prevalent.  For example, in the United States, more 
than 75 percent of the swine production systems process waste anaerobically (Zahn et al., 
1997).  Gases refer solely to the specific gaseous compounds that are produced and 
emitted from a source.   
  Researchers have identified 60 to 168 specific odorous components in animal 
manure odor that are end products and intermediates of the anaerobic decomposition 
process (Zahn et al. 1997; Hartung and Phillips, 1994; Koelsch, 1995; Yasuhara et al., 
1984; Hammond and Smith, 1981, Melvin, 1996).  The familiar manure odor is a product 
of a complex interaction and intermingling of individual odorous and non-odorous 
components (Melvin, 1996).  Some of the identified volatile substances include fatty 
acids, organic acids, alcohols, aldehydes, carbonyls, sulfides, esters, mercaptans, amines, 
nitrogenous compounds, fixed gases, phenols, indoles, and methylamines (Chapin et al., 
1998a, Zahn et al. 1997, Hartung and Phillips, 1994, Hammond and Smith, 1981, 
Hammond et al, 1979, Melvin, 1996).  The primary gases produced are ammonia (NH3), 
hydrogen sulfide (H2S), methane (CH4), and carbon dioxide (CO2) (Chapin et al., 1998a; 
Hartung and Phillips, 1994).  These gases can add to the overall odor plum and when air 
borne, they can pose serious threats to human, animal, environmental, and community 
health.  These dangers have been documented and researched extensively  (Lorimor, 
1994; Chapin et al, 1998; SOTF, 1995; Thu, 1998; Donham and Thu, 1993).    
For odor control purposes it is important to know some of the physical 
characteristics of each of these gases.  Methane and carbon dioxide are odorless, but are 
considered major greenhouse gasses.  Ammonia is lighter than air and is often quickly 
dissipated, but it is considered a major constituent of air pollution and can cause 
significant environmental damage (for an extensive treatment of ammonia dynamics and 
environmental concerns see Asman et al., 1997).  Hydrogen sulfide is 20 percent heavier 
than air, has an extremely powerful “rotten egg” smell, and can be detected in 
concentrations of about 5 ppm (Farm Safety Association, 1985).  Because of the density 
of hydrogen sulfide it disperses slowly and due to its high toxicity this makes hydrogen 
sulfide an extremely dangerous gas in terms of human and animal health. 
 The emission process of these odors can be divided into two paths, gaseous 
emissions and aerosol (dust) emissions, though both are typically combined within an 
overall odor plume.  The effects of aerosol emissions once they reach a smell receptor 
(humans) are instantaneous. Gas emissions from livestock systems, particularly highly 
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volatile compounds like ammonia, have much more subtle effects (Jacobson, 1995).  Gas 
effects typically manifest themselves in the form of long-term environmental degradation 
rather than short-term odor effects. 
The dynamics of odor movement are very complex and still not fully understood.  
To measure offsite odor movement, atmospheric dispersion models are often used.  
Understanding the dynamics of an odor plume in general and in specific situations is 
integral to the examination of odor nuisance situations and to optimization of design and 
siting of livestock operations and odor management technologies (Heber, 1997; Gassman, 
1995;  SOTF, 1995;  Person et al., 1995).   
 There are many different ways to model odor emissions and air quality, in general 
there are four typical methods: Gaussian, numerical, statistical, and physical models 
(Gaussian models are used with the most frequency due to its relative mathematical 
simplicity) (Li et al., 1995).  In a review of odor transport modeling methodologies 
Gassman (1995?) discusses in detail some of the current techniques and difficulties. The 
Gaussian plume dispersion equation, which has dominated the methods used in the 
attempt to quantify pollutant transport, is discussed at length.  The Gaussian plume 
dispersion equation is a mathematical model that examines the concentration of odor over 
spatial and temporal paths using variables such as: odor units average over time, distance 
traveled downwind, crosswind distance, plume height above ground, emission source 
height, emission rate.  Modifications to the Gaussian equation to better represent the 
variables involved with agricultural sources of odor are often utilized (Gassman, 1995; 
Keddie, 1980). The most important variables that essentially drive the equation are the 
coefficients that represent the plume crosswind and vertical spread as functions of 
downwind distance, time, and wind speed (Gassman, 1995, Gassman, 1992).  
According to Gassman, air flows over the planetary boundary layer, however, do 
have turbulence patterns that fall out of the range of the Gaussian models typical 
parameters.  Turbulent flows such as flow over irregular or rugged terrain and those in 
the lee of flow obstacles are considered exceptional and non-Gaussian.  Therefore many 
researchers have developed modified Gaussian models.  Krause (1994) and Cha and Jann 
(1990) are two notable sources that discuss odor dispersion using non-Gaussian 
dispersion simulation.  For a more in depth discussion of odor transport from ground 
level agricultural sources see Smith (1993). 
Particulate Matter and Aerosol Transport of Livestock Odor 
Particulate matter is a component of odor plumes and closely related to odor from 
cattle, swine and poultry (housing) facilities and the outdoor lots for swine, cattle, and 
sheep.  The majority of the odorous compounds listed above are easily absorbed onto and 
carried by animal dust and other particulates (Laird, 1997, SOTF, 1995).  Dust can carry 
many times more molecules of some odorous compounds than the same volume of air, 
thus concentrating odors (OCTF, 1998).  As reported in Hoff (undated), it has been 
hypothesized by Hammond and Smith (1981) that dust particles holding absorbed odors 
more readily adhere to human olfactory tissues within the nasal cavity than do odorants 
molecularly dispersed in the gas phase. The importance of dust in the transportation of 
odor from livestock buildings has been well documented (OCTF, 1998; Thernilius, 1997; 
Laird, 1997; SOTF, 1995; Carpenter and Moulsley, 1986; Hartung, 1986; Hammond et 
al., 1981; Hammond and Smith, 1981).   
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It has been noted that the odors generated in animal facilities, such as animal 
houses, feedlots and storage lagoons, that are intense and detectable at appreciable 
distances are all aerosols (Hammond et al., 1981).  An aerosol being a suspension of solid 
or liquid particles in a gas with particle size ranging from 0.002 to more than 100µm (this 
includes such things as dust, clouds, fumes, mist, fog, smog, smoke and sprays) (Hinds, 
1999). 
Researchers have identified the important dust-borne odorants in swine 
confinement facilities as being various long chain fatty acids, phenols, and carbonyl 
compounds (Hammond and Smith, 1981; Hammond et al., 1979).  A survey of 
molecularly dispersed odorous chemical constituents performed by Hammond and Smith 
(1981) reported that butyric, phenylacetic, hydrocinamic, and 2-phenylpropionic acids; p-
cresol and ethylphenol; and several carbonyl compounds as the chief odorous compounds 
adsorbed on the dust. Hartung (1986) discovered that 1.0 m3 of the exhaust air from a 500 
head pig fattening unit can contain dust borne 6.27 µg volatile fatty acids and 2.76 µg 
phenolic/indolic compounds.  It has been concluded by some (Thernilius, 1997; Laird, 
1997, SOTF, 1995; Hammond and Smith, 1981; Hammond et al., 1979; Hoff et al, 
undated), that removing these dust particles, may cause animal houses, lagoons, and 
feedlots to become almost odorless.  Eby and Willson (1969) report that most of the odor 
from poultry houses can be eliminated by removal of air borne dust. Hartung (1989) 
stated that filtering the dust from exhaust air could reduce odor emission from animal 
houses up to 65%.   
There is often a fairly large quantity of air borne dust found in and around animal 
confinement buildings.  Hoff  (undated) cited a study by Stroik and Heber (1986) who 
monitored 11 commercial swine houses and found dust concentrations up to 33 mg/m3  
with a mean for all houses of  7.5 mg/m3.  This dust, depending on the animal, comes 
from dried manure, feed stuff, animal dander, dead skin, feathers, molds, and pollen that 
is agitated by the feeding method and the general movement of the animals (Laird, 1997; 
SOTF, 1995).   
This dust is then swept from the buildings by way of open air or mechanical 
ventilation.  It is important to distinguish between natural and mechanical ventilation 
because of its relationship to odors and dust in the buildings, which directly relates to 
odor emission and the types of odor control methods that can be used (OCTF, 1998).  To 
get an idea of differences in dust emissions due to ventilation strategies, one study 
compared total dust in the air of buildings that were naturally ventilated and those 
mechanically ventilated.  The study indicated that the dust content in naturally ventilated 
buildings ranged from 1.55 - 4.48 mg/m3 and the mechanically ventilated buildings 
ranged from 0.60 -–2.08 mg/m3 (Meyer and Manbeck, 1986).   
Dust concentrations in the ambient air outside of the animal buildings are to a 
large degree determined by building ventilation rates.  In a survey of mechanical 
ventilation rates in Northern Europe, winter and summer ventilation rates were recorded.  
On the basis of 500kg animal liveweight, the mean ventilation rate for pig houses were 
428 m3 /hour in the summer and 241 m3 /hour in the winter.  Cattle house ventilation rates 
were 404 m3 /hour and 341 m3 /hour, respectively, and poultry houses had the highest 
ventilation rates, recorded at 965 and 451, respectively (Seedorf et al., 1998b).  Takai et 
al. (1998) conducted field surveys of dust concentrations within and dust emissions from 
329 cattle, pig, and poultry buildings throughout Northern Europe.  
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Dust concentrations and emissions were found to be strongly affected by animal, 
feeding system, and by housing type.  Emission rates of inhalable and respirable dust 
were found to be highest in poultry houses at 3165 mg/h and 505 mg/h respectively, pig 
houses had rates of 765 mg/h and 85 mg/h respectively, and cattle houses were found to 
have concentrations of 145 mg/h and 24 mg/h (Takai et al., 1998).  Dust concentrations 
tend to increase as the fattening process progressed in pig and poultry buildings (Hinz 
and Linke, 1998).  Takai et al. (1998) also noted that the floor type (litter and slatted) 
influenced dust concentrations.  Dust concentrations in cattle houses tended to be higher 
where bedding (litter) was used.  The opposite tended to occur in pig houses where slated 
floors produced higher dust concentrations.  In poultry houses, percheries had much 
higher dust concentrations than caged units.   
Feeding methods also plays a role in dust concentrations, as there are higher dust 
levels for self-fed animal systems than for controlled feeding systems (Stroik and Heber, 
1986).   Researchers have also found notable seasonal effects on concentrations and 
emissions in pig and poultry houses, with higher dust concentrations in the winter than 
summer but higher emissions of inhalable dust in summer than winter (primarily due to 
higher ventilation rates during the summer).  Seasonal variations in cattle houses were 
weak (Hinz and Linke, 1998; Takai et al., 1998).   
The dust emission characteristics of different farm systems need to be taken into 
account when odor control management is considered as they have different 
consequences for each farming situation, (that is farm size, waste management 
techniques, odor control, ect.).  An example, from Takai et al. (1998), assumes that the 
inhalable dust emission rate per cow in a cubical is 120 mg/h (500kg liveweight), 973 
mg/h (500kg) for a fattener pig, and 3570 mg/h (500kg) for a broiler chicken, then 8 
fattener pigs and 30 broiler chickens are equivalent to one cow in terms of emissions.  
Therefore, differing herd sizes will have very different emission patterns.  So a typical 
dairy farm with 50 cows emits only 6 g/h.  Contrast this with emissions of 88 g/h for a 
medium-sized hog farm with 500 pig fatteners, and 286 g/h from a broiler unit of 20, 000 
birds.  These types of variables play vital roles in the selection and use of odor 
management systems including shelterbelt systems.  Dawson (1990) provides an in-depth 
literature review of various techniques to minimize and control dust in and around 
livestock buildings. 
 
Shelterbelts and Odor Control 
 
Potential Roles of Shelterbelts 
 There are four primary ways that shelterbelts can ameliorate livestock odors: 
 
1) Dilution of gas concentrations of odor into the lower atmosphere 
2) Encouraging dust and other aerosol deposition to the windward and lee sides of 
the break by reducing wind speeds 
3) Physical interception of dust and other aerosols 
4) By way of acting as a sink for the chemical constituents of the odorous pollution 
 
 Several sources (Koelsch, 1999; WED, 1999; NPPC, 1999; Lorimer et al., 1998; 
OCTF, 1998; Jacobson et al., 1998) list shelterbelts as odor control devices, but provide 
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little physical, biological, or economic quantification as to effectiveness.  Gassman 
(1995) concluded in a review of available literature that shelterbelt and other vegetation 
impacts on odor movement and abatement have yet to be studied in detail.   
The following sections present examples of scientific evidence that supports each 
of the four hypothesized ways that shelterbelts may deal with odor.  The cited literature is 
selective rather than comprehensive. 
 
Dilution of gas concentrations of odor into the lower atmosphere 
Animal confinement buildings are ventilated in one of two primary ways: 
ventilation by way of natural, open-air methods and by way of mechanical ventilation.  
Regardless of the ventilation process utilized, it is this ventilated air that contains odorous 
gases and odor containing dust particles.  This air is in most cases exhausted without 
prior treatment.  Once outside the confinement, depending on the current climatic 
conditions, these odorous aerosols and gases can travel significant distances.   
 The conditions leading to pollutant trapping by the atmosphere are well known 
(Takle, 1983; Takle et al, 1976). Temperature inversions can create this situation as the 
inversion can restrict air mixing into the lower atmosphere.  Atmospheric inversions, 
where the normal temperature structure of the atmosphere is reversed, that is temperature 
increases with height rather than decreases, result is stable atmospheric layers which play 
significant roles in the extent and effects of odor plumes (Australian EPA, 1997).  High 
concentrations of pollution can occur at ground level as a result of ground-based 
inversions preventing or limiting vertical mixing or atmospheric layers (Australian EPA, 
1997).  Low wind velocity and lack of physical landscape features that create turbulence 
can also contribute to pollutants being trapped in the atmosphere (Takle et al, 1976). As 
wind speeds decrease, there is less turbulence, and therefore less dilution of escaping 
odors.  The odor problem has a tendency to be most severe during stable, night-time 
conditions with low to moderate wind speeds, at which times odors emitted near the 
surface will not diffuse upward but remain near the surface and travel by way of near 
laminar flow that will meander over the terrain (OCTF, 1998; SOTF, 1995; Takle, 
undated).   
 Air temperature is also a major factor.  At higher temperatures, the conditions for 
anaerobic decomposition can improve, and greater volatility of odorous compounds may 
occur (NPPC, 1995; SOTF, 1995).  When these weather conditions occur singly or 
simultaneously, odor has been noted to be transported to distances greater than two miles 
(NPPC, 1995).  Shelterbelt systems may be of value in dealing with these situations.  
 Shelterbelts have the ability to lift some of the plume constituents into the lower 
atmosphere aiding in the dilution and dispersion process.  As studies in the distribution of 
windblown pollution indicate, the properties of the underlying surface (terrain) is 
important in deflecting the airstream or in modifying the rate of mixing and consequent 
dilution of the material carried with it (Pasquill, 1974).  As discussed in McNaughton 
(1988) near shelterbelts, heat, vapors, CO2 and other scalar quantities (including odor 
plumes) are transported along streamlines by the prevailing winds and subsequently 
across streamlines by turbulence.  Shelterbelts present an obstacle to the wind, deflecting 
air streams upward.  McNaughton (1988) further notes that as the air streams top the 
obstacle, the stream is redirected, compressed and air speeds increase. This effected zone 
above the shelterbelts has been noted at heights of 1.5 H (that is 1.5 times the height of 
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the barrier) to 1.7 H.  This zone then widens and follows the air stream downwind and 
acts as a source of turbulent kinetic energy.  In studies that have modeled the dynamics 
behind artificial windbreak fences, a “quiet” zone that extends from the top of the barrier 
down to a distance of about 8 H from the barrier exists.  Outside this quiet zone the 
longitudinal turbulent fluctuations are more energetic and larger in scale (McNaughten, 
1988).  It is in this zone, depending upon the height of the shelterbelt, that much of the 
dilution of the odor plume may take place, see Figure 3 below for a schematic of these 
processes. Porosity is of particular importance, in terms of turbulence, as shelterbelt 
porosities of < 40 % are associated with the greatest amount of turbulent energy transfer.  
Recent studies from North Carolina State University indicates that artificial wind 
break walls can deflect ventilated air so that air flows higher above the ground or the 
surface of downwind lagoons improving potential dilution of odors to the point of 
noticeable positive odor reduction downwind (OCTF, 1998; Bottcher et al, 1999).  
Dilution is important to reduce odorous gas concentration (which is the concentration of 
the odorous gas relative to the concentration at the threshold of detection as determined 
by olfactometry).  Dilution to the point where it will not be considered, to some degree an 
on-site nuisance, and to a large degree an off-site, downwind nuisance is critical (Smith 
and Watts, 1994).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Schematic representation of turbulence and zone of potential odor dilution.  
Adapted from Raine (1974) as used in McNaughton (1988). 
 
 
Dispersion as a control strategy involves using the natural turbulent mixing of the 
lower atmosphere to reduce concentrations emitted by an odor source to acceptable levels 
before the emissions reach a critical receptor such as humans capable of sensing an 
objectionable odor (SOTF, 1995; Penkala, 1977).   
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Encouraging dust and other aerosol deposition to the windward and lee sides of a 
shelterbelt by reducing wind speeds 
 A full understanding of the aerodynamics of shelterbelt systems is not available.  
However, there has been progress made in understanding turbulent transport of air over, 
around, and through windbreak structures as well as quantifying wind speed alterations 
(Wang and Takle, 1995; Zhang et al, 1993; McNauton, 1988; Heisler and DeWalle, 1988;  
Kort, 1988).  The air turbulence and wind speed reduction creates situations where wind 
borne particles can be deposited at much shorter downwind distances than would occur 
without the break.  Shelterbelt research has been carried out in both the field and by way 
of wind tunnel modeling.  In the field, a barrier effect has been noted in the hedgerow 
systems in Britain as downwind spatial deposition patterns of various propagules have 
been identified (Burel, 1996).  Ucar and Hall (1998), investigating windbreaks and 
agrochemical drift mitigation, discussed the exponential trends of drifted spray deposits. 
They determined that evidence from recent windbreak research indicate that even a 
simple vegetative barrier such as a single row of trees would reduce potential chemical 
drift significantly due to reduced wind speed (though they pointed out that that does not 
mean reduction to significant levels in all cases).  Further, Ucar and Hall (1998) touched 
on a study by Porskamp et al. (1994) that suggests that windbreaks (made of alders in this 
case) can be utilized to reduce drift up to 70% when they are absent of leaves and up to 
90% when in leaf.  Deposition patterns have been noted in snow distribution studies.  
Kort (1988) listed several snow distribution studies in a literature review examining the 
benefits of windbreaks.  Greb and Black (1971), in a comparison of differing windbreak 
fence densities, found that lower densities (37 and 58%) produced deep and narrow snow 
drifts, while the higher density fences (79 and 85%), resulted in shallow and wide drifts 
(Kort, 1988).   
 Related research has been conducted in regard to the use of shelterbelts and other 
wind barriers to control fugitive dust emissions in arid regions.  Studies have concluded 
that physical wind barriers such as sand fences can absorb wind energy and reduce its 
velocity near the surface, thereby reducing fugitive particulate emissions (Grantz et al., 
1998; Bilbro and Fryrear, 1995).  Even topographical barriers as discrete as sparse shrub 
vegetation have been noted to effectively suppress dust emissions (Buckley, 1987).   
 
Table 7.  Average dust deposition results on the windward side of 21 shelterbelts in Indio, 
California.  (Note that the relatively high value at 20 H was attributed to some localized 
soil disturbances that were not observed during sampling) a 
Distance to the 
Shelterbelt 
Average Dust 
Deposition 
(mg) 
   
0 H .297    
1 H .181    
5 H .109    
10 H .096    
15 H .165    
20 H .268    
30 H .191    
a Data from CDC, 1988 
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Dust deposition in the windward side of a windbreak has been investigated. One 
study (CDC, 1988) tested 21 shelterbelts in California, for their ability to control fugitive 
dust.  They examined patterns of dust deposition on the windward side of the shelterbelts.   
Wind speeds involved in this study averaged from 2 to 7 mph with gusts of over 
10 mph. There were measurable differences in deposited dust the closer the samples were 
to the shelterbelt, indicating that wind speeds were lowered below the threshold speeds 
needed to initiate dust movement (CDC, 1988).  The results of this study are displayed in 
Table 7 above. 
Windbreak walls are currently being used to reduce forward movement of 
ventilated air, causing odorous dust to settle and additionally to push air upward to aid in 
the dilution process, however, any records in the effectiveness of such use remains 
unpublished (Koelsch, 1999a; Koelsch, 1999b).  Windbreak walls are an odor reduction 
technology used quite frequently, with observed success, in Taiwan where more than 200 
farms have walls made of plastics, tarps, and plant residues erected downwind from 
tunnel ventilated poultry houses (Bottcher et al., 1999; Koelsch, 1999a; Koelsch, 1999b; 
OCTF, 1998).    
Current research from North Carolina State University hopes to quantify both 
downwind dust reductions and any related reduction in detectable odor (Bottcher et al., 
1999).  Research assumptions were based on Liu et al. (1996) who numerically simulated 
the effects of tall barriers around manure lagoons and predicted reductions in downwind 
malodorous lagoon emissions of 26% to 92% for a range barrier distance to height ratio 
from 8 to 0.6.  Coupling that information with what is known about dust/odor 
relationships (Hammond et al., 1981) and dust collection and deposition, a full-scale 
windbreak wall system was erected downwind of building exhaust fans at a swine-
finishing farm in eastern North Carolina.    
Preliminary results have shown less dust particle numbers downwind of the wind 
walls as compared to a wall-less control site.  Data from the study also indicates that 
odors were stronger downwind of the building without the windbreak wall and inside the 
windbreak wall enclosure, than odors on the far side of the lagoon or 3 meters downwind 
of the windbreak wall  (Bottcher et al., 1999).  Despite these preliminary results, the 
mechanism for the odor reduction (increased dust deposition or increased atmospheric 
dilution) remains to be identified and fully quantified.   
The difficulty in determining the effectiveness of windbreak walls or shelterbelts 
on odor control has been noted by several researchers.  This difficulty is due to three 
notable factors.  The first factor being the inherent difficulty in measuring complete wind 
directions in the field (Wang and Takle, 1995) and in ventilated air (OCTF, 1998).  The 
second factor is in separating the source of odor, for example odors emitted from lagoons 
often complicate measurements in downwind odor reduction.  The third factor involves 
the difficulty in measuring boundary layer/ turbulence effects from porous objects (Wang 
and Takle, 1995; Wang and Takle, 1994).    
Field data does not exist yet that quantifies ability of a shelterbelt to reduce, 
through dust deposition, dust borne odor.  Those effects, however, have been modeled by 
use of wind tunnels.  Using wind tunnels to study particle motion in the atmosphere is a 
common technique.  Scientists have used wind tunnel testing to model atmospheric 
boundary layers, study the effects of erosion, model snow drifts, track pollen dispersion, 
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study desert growth, examine mining residues, and to model pollution, and most 
importantly how to prevent these effects (Laird, 1997;  Iversen and Jensen, 1981).  
 Laird (1997) and Thernelius (1997) both modeled the potential of windbreaks to 
deal with odor carrying dust. Using an open circuit wind tunnel at the Iowa State 
University Environmental wind tunnel facility and a small-scale model of an open air 
ventilated hog confinement building and a shelterbelt system in the form of strips of 
simulated vegetation; Laird and Thernilius were able to simulate the dynamics of dust 
particle transport.  The hog house dust was simulated with highly ground walnut shells 
positioned within the model hog house.  Digital imaging was used to examine the 
brightness of the wind tunnel floor as a measure of dust deposition behavior such as 
distance from model structure and depth of deposition over time.  Multiple scenarios 
were tested using model variables such as number of parallel placed shelterbelts of 
various scaled heights and thickness as well as different wind velocity and wind angles.  
The objective was to minimize the particle/dust mass lost down stream in percent of the 
total mass leaving the model, the percent mass lost, and then to quantify the statistical 
relationship between the above variables and the percent mass lost.  Polynomial 
regression techniques were utilized.  Table 8 below displays the modeled effectiveness of 
downwind dust reduction due to shelterbelts.  The last column on the right displays the 
percent of dust reduction.  In the table the term “lost” refers to the amount of dust lost 
offsite (the farm area) and carried further downwind.  Both researchers, however, noted 
that in order for the information they gathered to be useful in full-scale applications, it 
remains necessary to perform field testing.  Based on the results, wind velocity, 
 
Table 8. Downwind dust reduction associated with different wind parameters as modeled 
by way of wind tunnel examination using 3 rows of simulated shelterbelts. 
Wind 
Speed 
(m/s) 
Angle of 
Wind (º) 
Height of 
shelterbelts 
(translated from 1:50 
scale) 
% Lost 
Without 
Shelterbelt 
Best Case 
% Lost with 
Shelterbelt 
% 
Reduction 
of % lost 
4 0 16.4 feet 57.4 29.1 49.3 
4 30 16.4 feet 75.3 32.8 56.4 
5 15 12.3 feet 80.0 51.7 35.4 
6 0 16.4 feet 81.9 49.3 39.8 
6 30 16.4 feet 96.4 63.0 34.6 
Source Laird, 1997 and Thernelius, 1997 
 
number of shelterbelts, and the height of the shelterbelts are the most important variables 
with wind velocity being the most important.  Successful reduction in mass transport far 
down stream, ranged from 35% to 56%, with the conclusion that this reduction would 
provide a substantial reduction in the effects of offensive odors in surrounding areas 
(Laird, 1997). 
 Vegetation type was not a variable nor was windbreak porosity, which has been 
noted as possibly the most influential factor in reducing wind speed (Ucar and Hall, 
1998; Brandle and Finch, 1991; Heisler and Dewalle, 1988).  Dust interception by the 
vegetative barriers was considered only with regard to the total dust mass that was 
prevented from leaving the test farm model.  These studies are, however, the precursors 
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to more shelterbelt modeling research currently being conducted at Iowa State University 
(Iverson et al., undated), thus furthering quantification of shelterbelts and odor 
amelioration. 
 
Physical interception of dust and other aerosols 
 As air moves across vegetative surfaces, leaves and other aerial plant surfaces 
remove some of the dust, gas, and microbial burden normally carried by the wind.  This 
removal is carried out mostly by way of a dry wind borne route, in raindrops, or in rain 
splash droplets (Barth and Klockow, 1988; Gregory, 1971). The total surface area of 
leafy plants is very large, often exceeding the surface area of the soil containing those 
plants by as much as 20-fold (Schultze, 1982), which positively favors the interception of 
dust and other aerosols (Jaenicke, 1988; Schultze, 1982).  It has been noted that trees and 
shrubs are very efficient at filtering road dust.  Farmer (1992) reviewed literature 
regarding the effects of dust on vegetation and reported on several studies that quantified 
the ability of trees and shrubs to act as dust interceptors.  Among the studies discussed 
were Steubing and Klee (1970), who measured the filtering capacity of Pinus mugo along 
the roadsides in Frankfurt, Germany and found that P.mugo has a filtering effect with up 
to 0.18 mg cm2 of dust on the leaf surface (Farmer, 1992).  A comparison of broadleaved 
and conifer species occurred in an experimental study of dust application to Carprinus 
betulus and Picea abies, and uncovered differential dust deposition patterns.  Dust was 
deposited primarily in the upper branches in the broadleaf species but to the middle and 
lower branches on the conifer.  Pyatt (1973), however, noted different deposition patterns 
in a field comparison and found greater deposition onto the lower branches of three 
broadleaved species (Farmer, 1992).   
Figure 4. This 20-foot single row Amur maple (Acer ginnala) shelterbelt is being used to 
reduce the effects of unwanted pollen drift from a conventional farming system onto an 
organic farm in central Iowa. Photograph by J. Tyndall, Iowa State University, 1999 
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Shelterbelts specifically have been used to intercept pesticide drift (as well as 
reduce airborne drift by way of reduced wind speeds, see above section) and pollen drift 
(see Figure 4 above), though effectiveness of the latter use has yet to be quantified. 
According to Smith (1994) it is generally accepted that as leaf surface roughness 
increases so does capture efficiency for particles with diameters of 5µm (and less).  The 
reason for this being that increased surface roughness (i.e. leaf hairs, leaf veins, relatively 
small leaf size) decreases the stability of the boundary layer of the leaf, which in turn can 
increase particle impaction.  Also suggested was that leaves with complex shapes and 
large circumference to area ratios collect particles most efficiently, indicating that 
conifers may be more effective particle traps than deciduous species (Smith, 1994) (since 
conifers are “in leaf” year round they may also be more effective temporally).    
Because of the dust interception capacity of vegetation, the use of tree screens has 
been suggested to prevent dust from traveling significant distances from its source or to 
protect sensitive areas (Farmer, 1992; Wight et al, 1991; Egglesman, 1981; Rao, 1971).  
Dust control issues are also of major concern in beef cattle feedlots.  A USDA (1994) 
study stated that 80% of the 498 examined feedlots with over 1,000 head capacity used at 
least one of three dust control techniques.  Vegetative screening was not one of the listed 
methods. 
 
Acting as a sink for the chemical constituents of the odorous pollution 
Not much is known about the ability of trees and other plants to ameliorate odor 
by way of intake or absorption of odorous chemicals or the managerial use of vegetation 
for this purpose. There is, however, compelling indirect evidence that this is possible.   
 In the last few decades there has been tremendous interest in the ability of plants 
to remove pollutants from the air, and several reviews have addressed the capability of 
plants to act as a sink for air contaminants (Kwiecien, 1997; Smith, 1994; Bennett and 
Hill, 1993; Hill, 1971).   Meister et al. (1984) suggests that a forest cleans the air of 
microparticles of all sizes by way of interception at least twenty times better than barren 
land.  Because of this, forests have often been referred to as pollutant air filters. 
This filter activity occurs because of the ways in which plants come into contact 
with atmospheric aerosols and chemicals.  There are three major ways in which plants 
interact with atmospheric aerosols and chemicals: 1) in precipitation, 2) through dry 
deposition, and 3) through deposition of water vapor and associated chemicals onto 
canopy surfaces from clouds or fog (Perry, 1994).  The first two paths of interaction are 
of particular importance for this topic.  Chemical cycling research on chemical washout 
from rain and subsequent vegetative interception has quantified different levels of 
nutrient input via precipitation indicating that depending upon the source and level of 
emissions of atmospheric chemicals, nutrient inputs via this route can be significant 
(Perry, 1992; Bruijnzeel, 1991; Kimmins, 1996, Smith, 1984).  Dry deposition of 
chemicals occur by way of diffusion of the aerosol or gas toward a leaf and plant body 
because of the high mobility of aerosols.  Impaction and interception on plant surfaces (as 
discussed above) occurs because of inertia and high flow velocities.  Sedimentation will 
happen because of gravity (Jaenicke, 1989).   Atmospheric pollution in the form of gases 
also interact with vegetation and chemical input via gaseous intake has been intensively 
studied (Kimmins, 1996; Smith, 1984; Bennett and Hill, 1975; Bennett and Hill, 1973; 
Hill, 1971).    
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When pollutants (particles, chemicals, and gases) come in contact with plants 
three things can typically occur.  The first of which is that the particles and chemicals can 
simply bounce off or be knocked off the plant and returned to the atmosphere or settle 
onto the soil; secondly, gases can simply pass through the vegetation; or thirdly, the 
chemicals become fixed to plant surfaces and can enter the plant.   
  Chemicals can enter the plant in three ways: 1) gaseous diffusion through open 
stomata, 2) if chemicals are soluble, they can enter through the stomata in dissolved form, 
and 3) chemicals can be absorbed and adsorbed into plant tissues (Landolt and Keller, 
1985; Smith, 1984).  The rate of pollutant transfer is regulated by a series of resistances 
(Saxe, 1990; Smith, 1984).  It has been emphasized that other than pollutant 
concentration and exposure time, stomatal resistance is the most important factor 
determining the uptake of pollutants by the plants (Landolt and Keller, 1985).  Diffusion 
through open stomata is considered the route of least resistance.  This is regulated first by 
the plant surface boundary layer (the perfectly still layer of air surrounding all surfaces) 
and then by the concentration gradient between the ambient air and the sorptive surfaces 
of a plants interior (Kimmins, 1997; Treshow and Anderson, 1989).  Diffusability and 
solubility of pollutants are the main factors that affect the rate of boundary layer 
penetration.  Once the boundary layer is penetrated and contact is made with the leaf 
surface, a pollutant may enter by two routs: absorbed by way of passive diffusion through 
the stomates (if soluble, pollutants will often enter in solution) or adsorbed through the 
tissues (Saxe, 1990).  One study of interest examined different sorption rates of sulfur 
dioxide and ozone between conifers and deciduous trees during a fumigation study and 
determined that sorption rates where higher in conifers (Elkiey et al., 1982).  In that same 
study, when absorption could be separated from adsorption, absorption rates where 
higher in most cases.  Absorption depends upon stomatal openings whereas adsorption 
depends upon the plant surface (Elkiey et al., 1982). 
 A waxy, lipophilic cuticle resists adsorption of pollutants into plant tissues.  The 
cuticle does offer significant resistance to the movement of water and solutes but it is not 
impermeable, as evidenced by the fact that most agricultural chemicals are applied as 
foliar sprays and many of those chemicals, such as herbicides and systematic insecticides, 
must penetrate the cuticle to be effective (Schonherr and Riederer, 1989).  Interestingly, 
lipophilic substances (i.e. organic compounds) accumulate in lipids on plant surfaces (the 
cuticle is composed of cutin which is a lipid based polymer (Taiz and Zeiger, 1991). The 
leaves of higher plants are highly lipophilic and due to lipophilic affinity, they are 
excellent accumulators of lipophilic foreign substances (Reischl et al., 1989; Reischl et 
al., 1987).  For example, dry deposition rates of ammonia as measured in field 
experiments have indicated that ammonia has high affinity for leaf cuticles and other 
plant surfaces (Asman et al., 1997).   
 Of particular interest to this review, in terms of atmospheric nitrogenic pollution 
(NHx compounds), the amount of ammonia adsorbed onto leaf cuticles increases with 
increased relative humidity and decreased vapor pressures (Asman et al., 1997). Both 
typically occur within the shelter of a shelterbelt.  Depending on the porosity of the 
shelterbelt, relative humidity is typically 2 to 4 percent higher in sheltered areas than in 
open areas (Brandle and Finch, 1991).  Asman et al. (1997) suggested that reductions in 
NHx may be achieved indirectly by modifying local scale atmospheric transport.  Asman 
noted that while little work has been done in developing indirect nitrogen abatement 
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methods, due to the fact that a relatively large percentage of the emission is dry deposited 
close to the source, benefits might be achieved by planting a managed farm woodland 
system around known sources to increase dry deposition and reduce deposition to more 
critical areas.    
 Smith (1994) listed some generalizations regarding pollutant interception and/or 
uptake into plants that can be made based on controlled experiments and with seedlings. 
Among the more important were: 
• Plant uptake rates increase as solubility of the pollutant in water increases. 
• When the plant surfaces are wet, the pollutant removal rate may increase up to 10-
fold.  Interestingly, when conditions are damp, the entire aerial plant surface is 
available for uptake.  (Horn and Vedt (1980) while using wind tunnels, determined 
that trees with wet leaves accumulated 100 times more aerosol sulfur than dry trees 
and also determined that conifers were better aerosol collectors than deciduous trees). 
• Moisture stress and limitations on solar radiation act to limit stomatal openings and 
can hinder pollutant uptake significantly. 
• Pollutants are absorbed most efficiently by plant foliage near the canopy surface, 
where light mediated metabolic and pollutant diffusivity rates are greatest. 
• Though some pollutants (e.g., nitrogen dioxide and sulfur) can be taken up during 
nighttime respiration, uptake rates are significantly reduced during the night. 
• Because numerous forces and conditions regulate the rate of pollutant uptake, the rate 
of removal under field conditions will be highly variable. 
• However, the rate of pollutant removal can increase linearly as the concentration of 
the pollutant increases.  
  
Other forms of indirect evidence come from studies that have investigated the 
accumulation of various organic compounds (much of it anthropocentric) on plants and in 
their tissues.  Some research suggests that plants (mosses, lichens, and higher plants) can 
be used as bio-indicators for pollution emission location and prediction (Reischl et al., 
1989; Reischl et al., 1987; Gaggi et al., 1985).  Reischl et al. (1989), using gas 
chromatography tests recorded accumulations of chlorinated hydrocarbons in the foliage 
of 15-year-old spruce trees (Picea abies).  Foliage samples were taken at different 
locations in the proximity of different pollution emitters such as an industrial area, an 
urban area, and a hazardous waste landfill and where then compared to samples from a 
“clean air” site (an area of considerable distance from a pollution source).  The study 
found much higher concentrations of pollutants from the samples located in the polluted 
areas as compared to the low levels recorded for the clean area.  In similar studies, Gaggi 
et al (1985) and Gaggi and Bacci, (1985) also found measurable levels (1 to 50 ng/g) of 
chlorinated hydrocarbons in the leaf litter of various conifer and deciduous species as 
well as different lichen species (Beattie, 1999). 
 Other indirect evidence supporting the intake of aerial pollutants into plants are 
from studies that have examined pathways of intake by comparing chemical translocation 
through soil and intake of volatilized chemicals from the soil.  Nash and Beall (1970) 
while examining DDT found that sorption of residues vaporized from surface treated soil 
was 6.8 times greater than that obtained through root uptake and translocation.  This 
finding has since been further substantiated with examinations of chlorinated insecticide 
accumulations in azalea (Azalea indica) (Bacci and Gaggi, 1987).  In tests examining 
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levels of polychlorinated biphenyls (PCB’s) in plant tissues, Bacci and Gaggi, (1985) 
suggested that the lack of correlation of PCB levels in soil compared to PCB levels in the 
foliage indicated that during the study, PCB intake was through vapors rather than soil 
translocation (Beattie, 1999).   
 In addition to the research regarding plants and outdoor pollution, there has been 
experimentation on green plants and indoor pollution control.  Scientists from the 
National Aeronautics and Space Administration have conducted sealed chamber 
experiments to test the ability of green plants to reduce common indoor aerial pollutants 
(Hoogasian, 1990).  By using sealed chambers researchers were able to control the level 
of ambient chemicals and quantify levels of reduction over time, below in Table 9, is a 
list of chemicals that were removed by houseplants from sealed chambers after 24 hour 
exposure.  Also noted was that the longer a plant remained in a polluted environment the 
more proficient it becomes at reducing pollution, though the mechanism for that remains 
unclear  (Hoogasian, 1990). 
 
Table 9.  Chemicals removed from sealed chamber by household plants in 24 hours. a 
  Percent of Chemical Removed  
Plant Formaldehyde Benzene Trichloroethylene 
Mass cane 70 21.4 12.5 
Pot mum 61 53 41.2 
Gerbera daisy 50 67.7 35 
Warneckii 50 52 10 
a  Source Hoogasian, 1990 
 
 Complete understanding of the sorption and uptake process does not yet exist, 
however there are numerous publications that attempt to identify and quantify different 
pathways and to model the process (Welke et al., 1998; Schonherr and Baur, 1994; 
Schreiber and Schonherr, 1993; Screiber and Schonherr, 1992; Sabljic et al., 1990; Trapp 
et al., 1990; Riederer, 1990; Lendzian, 1984). 
 Though quantification of plant intake of odorous chemicals originating from 
livestock production does not yet exist, the above evidence points out that pathways of 
chemical intake clearly exist.  A study currently being conducted at Iowa State University 
is exploring the ability of plants to absorb odors, by gaseous diffusion as well as 
impaction and sedimentation of particles, and the ability of plant- associated 
microorganisms to degrade those odors as they become available on the surface of the 
plant (Beattie et al., undated).  The study will evaluate the adsorption capacity of 
lipophilic plant cuticles as well as attempt to identify microorganisms that can both 
degrade odorous chemicals and continue growth and survival on the plant surface.  This 
study is a unique attempt to determine if it may be possible to use plants (including trees), 
in a managerial context, to accumulate volatile organic chemicals and thus ameliorate 
livestock odors. 
 Another potential air pollution sink exists on and within the microorganisms that 
coexist on plant surfaces.  The surfaces of plants, depending on such factors as plant 
species, humidity, season, leaf age and health are usually covered with micro-organisms 
of all kinds, various forms of fungi, bacteria, and yeasts dominate (Schreiber and 
Schonherr, 1993; Dickson and Preece, 1976; Preece and Dickson, 1971).  Schreiber and 
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Schonherr (1992, 1993) determined that microorganisms often influence and effect the 
quantification of foliage uptake of chemicals to the point where care must be made to 
separate the mechanism during related research.   
 In an early review, Smith (1976) hypothesized that since epiphytic organisms 
have been exposed to many compounds now considered as pollutants for millennia and 
that this exposure occurs at the atmospheric: plant interface, that these microbes may 
behave as sinks for certain particulates and gaseous pollutants.  As evidence Smith 
(1976), reiterated the conclusions of several studies such as Rassmussen and Hutton 
(1972) who noted that tropical, phylloplane microbes are a major sink for naturally 
occurring organic volatiles in the air below the canopy of tropical forests and Gonzalez 
and Hutton (1969) who presented evidence that tropical forest leaf litter microbes were 
capable of utilizing automobile exhaust hydrocarbons.    
  It is known that many different microorganisms are capable of metabolizing 
and/or breaking down chemical pollutants such as anthropocentric VOC’s (Baker and 
Herson, 1994; Muller, 1992; Fry et al, 1992) and this process is used in many different 
types of bioremediation techniques (Baker and Herson, 1994).  It is also known that 
microorganisms are capable of metabolizing odorous VOC’s as this is the process by 
which biofilters are effective at mitigating odors from livestock buildings (Nicolai and 
Janni, 1997; Li et al., 1996).  It is not, however, currently known how effective epiphytic 
microorganisms are at metabolizing and/or degrading odorous VOC’s or if such a process 
could be effective in mitigating ambient and downwind odorous conditions.  Beattie et al. 
(undated), as mentioned above, are currently studying this very process and are 
identifying the microorganisms involved as well as quantifying the livestock odor VOC 
sink activity.  To do this they have obtained leaf-surface bacteria from plants downwind 
from several hog waste lagoons in Iowa.  Then by enriching the organisms capable of 
odor-degradation they will identify the resulting strains that exhibit these degradation 
abilities.  Future studies (Beattie et al, undated) will involve the evaluation of differences 
among plant species in their ability to adsorb odorous VOC’s and the extent to which 
these adsorbed chemicals will be available for microbial metabolization as well as 
potential for inoculation of plant material to enhance odor adsorption.   
 
Shelterbelt Impact on Odor Perception 
 
Penkala (1977) suggests the primary goal of odor mitigation is to minimize or 
eliminate perceived odors.  Achievement of this goal can be measured by reductions in: 
1) odor concentrations reaching populated areas, 2) number of people affected by 
objectionable odors, 3) time duration of exposure to odors, and 4) number of occurrences 
of odor events. The relationship between odor perception and concentration of odorous 
chemicals is logarithmic. This means that the concentration of odorous chemicals within 
a parcel of air needs to be reduced significantly (i.e. sometimes > 99%) before there is a 
noticeable change in perceived offensiveness.  For example, in laboratory studies, 
Misselbrook et al. (1993) determined that the average concentration of odorous chemical 
emission following application of pig slurry would need to be reduced between 94 % and 
97.8% before the perceived intensity (as determined by a human smell panel) went from 
a level 6 intensity on a six level scale (6 = extremely strong odor) to a level 2 (2 = faint 
odor). A typical concentration of odor from a poultry house ventilation system would 
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need to be reduced between 99.1% and 99.7% to get from perception level 6 to level 2. 
As discussed earlier, legally defined separation distances aid in the dispersion of odors. In 
Iowa, for example this distance is between 1250 and 2500 feet depending on the size of 
the facility and number of head of animals (Lorimor, 1999). Since most of these distances 
are determined based on protection of water sources, the distance is often not enough to 
reduce odor concentrations to levels that eliminate odor nuisance.  Shelterbelts have the 
ability to reduce odor concentrations significantly (estimated at > 56% (Thernelius , 
1997; Laird, 1997) at or very near the source, which greatly enhances the effectiveness of 
the separation distance. The 56% reduction estimate above was achieved in a wind tunnel 
experiment modeling a natural ventilated production building with minimal shelterbelt 
design considerations. Proper shelterbelt and shelterbelt systems designs should be able 
to decrease the concentration levels of odor plumes leaving production sites even more 
and combined with legal separation distances effectively reduce the odor perception 
levels reaching populated areas, reduce the number of people affected, reduce the time 
duration of exposure to odors, and allow for reductions in the number of occurrences of 
odor events. 
However, both laboratory and field work on the quantification of the effectiveness 
of shelterbelts to mitigate odor is currently underway (Iverson, J., James, W., and B. 
Munson, 1999-present; Beattie et al., 1999-present; Bottcher et al, 1999). There are also 
currently 10 Iowa livestock producers who are participating in Iowa State University’s 
Odor Control Demonstration Project using landscaping that was planted in 1997. At least 
two other Iowa livestock producers (both swine) have independently installed shelterbelt 
systems for odor control within the last few years and one large scale beef lot has made 
serious inquiries. 
 
General Shelterbelt Design Considerations 
 
Since field quantification of a shelterbelts ability to mitigate livestock odor is 
currently underway, it is not possible to recommend the best mix of tree and shrub 
species for this task. But generalizations can be made based on what the trees are 
expected to do in terms of interacting with odor. It is recommended that species selection 
should be based on specific site characteristics, including species range, soil type, wind, 
and precipitation. The advice of local experts should be sought. Sources of such 
information include: local USDA Natural Resource Conservation Service, State 
Department of Natural Resources, the USDA National Agroforestry Center, local 
University Extension, and the USDA Forest Service. 
 
General Considerations for each above mentioned Shelterbelt Effect 
 
• Dilution of gas concentrations of odor into the lower atmosphere 
 
Shelterbelts present an obstacle to the wind, deflecting and lifting air streams 
(odor plumes) upward into the lower atmosphere. The lifting aspect will begin at some 
distance on the windward side, typically a distance equal to 2 to 5 times the height 
(referred to as 2 –5 H) of the shelterbelt.   
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 McNaughton (1988) further notes that as the air streams top the obstacle (the 
shelterbelt), the stream is redirected, compressed and air speeds increase. This effected 
zone above the shelterbelts has been noted at vertical heights of 1.5 H (that is 1.5 times 
the height of the barrier) to 1.7 H.  This zone then widens and follows the air stream 
downwind and acts as a source of turbulent kinetic energy.  In studies that have modeled 
the dynamics behind artificial windbreak fences, a “quiet” zone that extends from the top 
of the barrier down to a distance of about 8 H from the barrier exists. Outside this quiet 
zone the longitudinal turbulent fluctuations are more energetic and larger in scale 
(McNaughten, 1988).  
It is important to note that as porosity of the shelterbelt decreases (<50%) the 
greater the turbulence created in the turbulent zone. It is in this zone, depending upon the 
height of the shelterbelt, that much of the dilution of the odor plume can take place.  
At a minimum two rows of trees/shrubs should be utilized. Wedge shaped 
shelterbelts facing the prevailing winds are often considered to create more turbulence as 
well as push air streams higher into the lower atmosphere.  
Because height is of particular importance, fast growing species should be 
utilized. Depending on space available a simple three-row shelterbelt could be utilized 
with a fast growing deciduous species such as a poplar variety (Populus spp.) planted on 
the outside. A slower growing species in the middle and a shrub species to the inside 
facing the oncoming wind would create a wedge shape. Faster growing species, though 
they have a tendency to be somewhat short lived (often 30-40 years) they have the 
advantage of serving as nurse trees for the other rows which could be made up of slower, 
longer lived species. 
 
• Encouraging dust and other aerosol deposition by reducing wind speeds 
In general, the horizontal extent of wind protection is proportional to the 
shelterbelts height. Shelterbelt porosity is perhaps the most important variable as 
maximum wind reductions can be experienced by manipulating this factor. Shelterbelts 
with a porosity/density of 40 to 60% provide the greatest reduction in wind speed over 
the greatest distance (Brandle and Finch, 1991).  
Measured reductions in wind speed on the windward side of shelterbelts have 
been recorded at 2 to 5 H of the shelterbelt. Measured reductions in wind speed to the lee 
(downwind) of a shelterbelt have been varied, with some being recorded as far as 50H of 
the shelterbelt (Heisler and DeWalle, 1988).  Wind speed reductions to about 30H are 
more typical. At about 8H wind speeds can be about 25-50% of open field wind velocity. 
From about 10H to 20H wind speed can range from 50-80% that of open field wind 
velocity (Wray, 1997). 
 Porosity can be manipulated by way of spacing as well as species used in the 
shelterbelt. Shelterbelts of deciduous trees have a tendency to be more open close to the 
ground whereas conifer belts typically have branch cover close to the ground. Table 10, 
presents a general spacing guide as used by the Cooperative Extension Office at the 
University of Nebraska. 
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Table 10. General spacing guidelines for windbreak based on windbreak position and 
component (density and species type).  
Windbreak 
Position 
Windbreak 
Component 
Spacing(ft.) 
Between Trees
Spacing(ft.) 
Between
          
Windward Rows 
(Rows 1 or 2) 
Dense 
Conifer 6-12 12-20 
          
Leeward Rows 
(Rows 3+) 
Dense 
Conifer 8-12 14-20 
          
Leeward Rows 
(Rows 3+) 
Broadleaf /Conifer
Medium 
Ht. Trees 10-18 14-20 
          
Leeward Rows 
(Rows 3+) 
Tall 
Trees 12-20 20-25 
          
Windward 
or Leeward Rows
Shrubs 4-6 8-10           
 Source Wilson, 1996 
 
• Physical interception of dust and other aerosols 
 
Important considerations involve information such as that accorded by Smith 
(1994). It is generally accepted that as leaf surface roughness increases so does capture 
efficiency for particles with diameters of 5µm and less.  The reason for this being that 
increased surface roughness (i.e. leaf hairs, leaf veins, relatively small leaf size) decreases 
the stability of the boundary layer of the leaf, which in turn can increase particle 
impaction.  Smith (1994) also suggested was that leaves with complex shapes and large 
circumference to area ratios collect particles most efficiently, indicating that conifers may 
be more effective particle traps than deciduous species (Smith, 1994). Since conifers are 
“in leaf” throughout the year, they may be more effective.    
 
• By way of acting as a sink for the chemical constituents of odor  
 
Species selection for this particular shelterbelt effect has the least amount of 
known information available to allow for suggestions. Perhaps all that can be suggested is 
to utilize species that are adept at retaining surface moisture following precipitation 
events. When the plant surfaces are wet, the pollutant removal rate may increase up to 
10-fold.  Interestingly, when conditions are damp, the entire aerial plant surface is 
available for uptake.  Horn and Vedt (1980), while using wind tunnels, determined that 
trees with wet leaves accumulated 100 times more aerosol sulfur than “dry” trees. They 
also determined that conifers were better aerosol collectors than deciduous trees. There 
also have been several studies that quantified the chemical adsorption and absorption of 
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various types of anthropogenic (human made) air pollutants onto/into the plant tissues of 
conifer species such as spruce trees (Picea abies). 
 
Below are very general schematics of some design considerations discussed in the 
above tables.  Figure 7 shows in greater detail possible shelterbelt layouts within a 
hypothetical swine confinement system. A similar schematic, Figure 11 can be found on 
page 47 (landscape drawing of an actual planting in Central Iowa). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 . Diagram of possible shelterbelt benefits in mitigating odor from field 
application of livestock manure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Wedge shape planting suggested to generate higher air-flow over the 
shelterbelt. 
 
Prevailing winds 
Crop field receiving manure
Field border shelterbelt 
• Higher density (lower 
porosity) for increased 
turbulence & dilution 
• Particulate deposition 
on the windward & lee 
sides 
Windward side shelterbelt 
• Lower density (higher 
porosity) to allow through 
flow and interception 
• Off-field particulate 
elimination 
& overall particulate control 
 4'-8' 4'-8' 4'-8' 4'-8' 
4'-8' 4'-8' 4'-8' 
8' Wind  Direction 
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Below is basic diagram of a shelterbelt design associated with a swine production 
facility. The shelterbelt design shown is very generic. The exact number of rows, species, 
and total number of trees are important considerations not displayed. This generic design 
provides “buffering” around the major sources of livestock odor. The design can easily be 
adapted to fit other livestock confinement and /or feedlot systems. The wind in Iowa 
primarily comes from the south and west during the summer months and the north and 
west during the winter. The orientation of shelterbelts below reflects this.  
 
Figure 7. A hypothetical shelterbelt system design for a typical swine production facility. 
The numbers refer to the functional interaction and means by which the shelterbelt will 
mitigate livestock odor. The number 1 refers to creation of air mixing turbulence, the 
number 2 refers to dust deposition, the number 3 refers to particulate interception, and the 
number 4 refers to sites of air pollution sinks. Other important design considerations 
include: livestock type, odor sources, air/wind patterns, the species of trees/shrubs used. 
Another concern is the location of access openings and roadways. Openings should, as 
much as possible, be located so as not to breach the shelterbelts interception of prevailing 
winds. Another very important factor to be understood is typical snow deposition 
patterns. It is undesirable to place any vegetation in a way that cause snow deposition to 
become troublesome, in fact vegetative placement can help to ameliorate snow problems 
and cut down on snow removal labor and costs (For more information see Wray et al, 
1997 and Quam et al, 1996.) 
 
Storage Lagoon 
 
 
 
 
 
 
 
 
 
 
 
Field for land  
application 
Ventilation 
Waste 
Storage 
N
1,3,2,4 
3,4,1,2 
1,2,3,4 
1,2 
Service roads
1,2 
(Maintain 100-200 feet distance for snow deposition) 
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The numbers (1,2,3,4) next to the example shelterbelts on the diagram correspond to the 
potential shelterbelt functions as listed below; the numbers are in order of probable 
functional importance. Thus, a “3,4” would mean that the shelterbelt location and design 
would facilitate the interception of the particulates, bio-aerosols, and gasses from an odor 
plume as well as provide a sink for those chemicals to be incorporated on or within or 
otherwise broken-down by the shelterbelt vegetation.  The shelterbelt and odor 
interactions are summarized again below: 
 
1) Turbulence - 
• Dilution into lower atmosphere 
2) Dust deposition 
• Off-field particulate elimination & overall particulate control 
• Particulate deposition on the windward & lees sides 
3) Interception 
• Dust, bio-aerosols, gasses 
4) Pollutant sink 
• Adsorption and absorption of odorous chemicals onto/into plants  
• Microbial sink as well 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Planted in April 1999, this five row mixed conifer and hardwood species 
shelterbelt is located on the northwest corner of a swine confinement facility in 
central Iowa. This shelterbelt was planted specifically for odor control and improved 
aesthetics. Photograph by A. Holtz, Iowa State University, 1999. 
 
 
Additional Design Considerations for Shelterbelts Used to Mitigate Livestock Odor 
as Regarding Various Sources of Livestock Odor 
 The following lists summarize some characteristics of livestock odor associated 
with the many different livestock species. Some general shelterbelt design considerations 
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are also listed. This information is separated by that relating to shelterbelts and land 
application of manure, shelterbelts and manure storage, and shelterbelts and production 
facilities.  
 
Shelterbelts and Land Application of Manure 
 
General Livestock Odor Facts Regarding Land Application 
• Liquid manure is associated with high emissions of odorous VOC’s. 
• Due to higher costs of odor controlling techniques such as soil injection and/or 
incorporation, most application is simply surface applied (Heber and Jones, 
1999). 
• Over application of manure is common (Leetson and Gollehon, 1996). 
• Odor nuisance is highest immediately after application and typically lasts no more 
than 1-2 days (Pain et al, 1988). 
• Odor decreases as field surface dries. 
• Use of solid manure may increase particulate load in the airstream. 
 
Hogs 
• Most nuisance complaints related to land application of liquid hog manure 
(Hardwick, 1986; Pain et al., 1988). 
• The majority of swine manure is applied as a liquid. In 1992, 64% as compared to 
31% spread as solid (USDA, 1992). 
Poultry 
• Most poultry manure that is land applied is in solid form typically with a box or 
flail spreader. 
• May have higher dust concentrations due to dryness of applied manure. 
Cattle - Beef 
• Beef cattle manure is spread mostly as a solid (Eghball and Power, 1994). 
• Although some states the finishing stage is done in confinement, so liquid 
application may be more prevalent (Meyer and Graves, 1996) 
Dairy 
• Land application of diary manure is typically a combination of solid and liquid. 
Other – Horses, Sheep, Goats, Mink 
• For all these animals, most manure is handled and spread as a solid. Horse manure 
is typically composted rather than spread, as most horse owners have limited 
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access to crops and because of disease and parasite problems exist for horses if 
spread without proper composting (Hudson, 1994) 
 
 
Shelterbelt Design Considerations as Regarding Livestock Manure Application 
 
Liquid Application 
• Depending on the dimensions of the field, multiple shelterbelts could be used on 
both sides of the field, orientated perpendicular to prevailing winds, for a diversity 
of effects. 
• A shelterbelt on the windward side of the field could be used to capture off-field 
particulates that would otherwise pass over the field surface and pick up VOC’s 
being emitted.  This would also encourage particulate deposition. 
• A shelterbelt on the far side should create turbulence and inhance odor dilution as 
well interception and encourage deposition of some particulates. Shelterbelt 
density should be increased for maximum turbulence (< 60% porosity). 
• To maximize turbulence wind speed needs to be at its prevailing rate, so if a two 
belt system is used, the field should to be wide enough to allow for the wind 
speed to regain its prevailing velocity as it approaches the turbulence creating 
belt. 
• Shelterbelt height is also an important variable for dilution. Taller species of trees 
would be recommended 
• Some research has indicated that a wedge-shaped belt, facing wedge first into 
prevailing wind can push airstreams higher into the atmosphere (Brandle, 1999). 
 
Solid Application 
• Design may need to maximize particulate interception and deposition. 
• To maximize particulate interception, some wind should be allowed to pass 
through the belt so as to allow for plant: particulate interactions. The use of lower 
density belts (~50% porosity or >) should facilitate this (Brandle and Finch, 
1991). 
• Maximizing surface area of plant material is of considerable importance. Conifers 
may be of particular use for interception purposes (Smith, 1994).  
 
Other Considerations 
• Keep in mind other shelterbelt dynamics in relation to effects on crops as well as 
snow deposition (Kort, 1988) so as to prevent potential negative interaction. 
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Shelterbelts and Manure Storage 
 
General Livestock Odor Facts Regarding Manure Storage 
• Manure storage has been listed as the third most important source of odor 
nuisance (Hardwick, 1986). 
• For liquid storage, odor emissions are highest during agitation prior to use as land 
fertilizer. Basically there are two types of liquid storage, pits and lagoons 
(Lorimor, 1995). 
• Open lot management systems usually handle manure as a solid using a holding 
pond to control runoff (Dickey et al., 1981). 
Hogs 
• As hog capacity increases, producers tend to handle manure as a liquid and use 
lagoons. Smaller farm systems tended to handle manure as a solid and use storage 
pits (USDA, 1992). 
• Again, swine manure is associated with high VOC creation and the majority of 
nuisance complaints. 
Poultry 
• Poultry manure has a higher total solids content than most other livestock manure. 
• Most cage laying units store manure in deep pits located within the building, 
whereas broiler and turkey manure is diluted with litter material (OSU, undated).  
Cattle - Beef 
• Solid storage includes the use of concrete and/or metal tanks and concrete basins. 
Dairy 
• Dairy housing and feeding areas usually handle and store manure as a solid and 
the manure from milking areas is typically handled as a liquid (Davie et al., 1998) 
Other – Horses, Sheep, Goats, Mink 
• Horse manure is typically composted; sheep manure is typically handled the same 
way as beef manure, where feedlots would be scraped and manure stored in some 
type of basin for later field application; mink manure is littered much like poultry 
and stored in pits (Power and Eghball, 1994).  Goat manure storage depends on 
the animal management process, many goat herds are pastured and manure 
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quantity is not much of a problem. When animal populations are large the manure 
management is much the same as for sheep and cattle (Graves, 1996). 
 
 
Shelterbelt Design Consideration as Regarding Manure Storage 
• Some studies have indicated that placing shelterbelts around lagoon or storage 
structure perimeters can reduce wind flow at the liquid level and therefore 
reducing convection of VOC’s from the storage surface may prove effective in 
odor reduction (Bottcher et al., 1999). Numerical simulation of the effects of tall 
barriers around manure lagoons predicted reductions in downwind malodorous 
lagoon emissions of 26% to 92% (Liu et al., 1996). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Newly planted (April 1999) two row, mixed conifer/hardwood species  
shelterbelt located along the east side of a manure lagoon in the northeast corner of a 
swine production facility in central Iowa. Photograph by A. Holtz, Iowa State University, 1999. 
 
Shelterbelts and Production Buildings 
General Livestock Odor Facts Regarding Production Buildings 
• There is often a fairly large quantity of air borne dust found in and around animal 
confinement buildings. 
• It has been concluded by some researchers that the majority if not all the odor that 
is transported and considered objectionable downwind fro a production site is 
carried on particulates (Hammond and Smith, 1981; Hammond et al., 1979; Hoff 
et al, undated). 
• Dust concentrations in the ambient air outside of the animal buildings are to a 
large degree determined by building ventilation rates 
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• Dust concentrations tend to increase as the fattening process progressed in pig and 
poultry buildings (Hinz and Linke, 1998). 
• Hartung (1989) stated that filtering the dust from exhaust air can reduce odor 
emission from animal houses up to 65%.It has been concluded by some 
(Thernilius, 1997; Laird, 1997, SOTF, 1995; Hammond and Smith, 1981; 
Hammond et al., 1979; Hoff et al, undated), that removing these dust particles, 
may cause animal houses and feedlots to become almost odorless. 
 
Shelterbelt Design Considerations with Production Buildings 
• A shelterbelt orientated perpendicular to the primary ventilation location of the 
production building would serve to intercept any particulates being expelled from 
the building as well as encourage dust deposition around the break system. One 
study that utilized wind-break walls in this capacity placed the breaks at a 
distance of between 3 meters and 6 meters from the exhaust fan cones (4M and 
7M from the building walls respectively) of a swine house (Bottcher et al., 1999). 
Bottcher et al. (1999) by way of airflow visualization using smoke, observed that 
some air issuing from the ventilation systems was contained within the windbreak 
system for longer periods of time in the 6m system than the 3m system (perhaps 
increasing dust deposition). Consultation with an agricultural engineer about 
location would avoid any negative airflow interactions between the shelterbelt and 
the ventilation system. 
 
One question that remains unanswered at this time, and that is at what point after a 
shelterbelt is established will it begin to help mitigate odor. In terms of wind dynamics, 
depending on the size of the planted stock, effects may be apparent immediately after 
planting. For a general idea of growth characteristics of a Midwestern shelterbelt that 
could be used for odor mitigation, below are the growth details (provided by Carl Mize, 
Iowa State University, 1999) of a six year-old shelterbelt in central Iowa, associated with 
a livestock (pig) and grain farm (see Figure 10).  
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Figure 10. Six year old, three row shelterbelt composed of one row of poplar (Populus 
spp.), one row of silver maple (Acer saccharinum) and a third row of assorted small 
shrubs (ninebark, nanking cherry, and high bush cranberry). Photograph by G. Horvath, 
Iowa State University, 1999. 
 The above shelterbelt is planted in an “L” shape with its long axis running in an 
east-west direction for 2,450 feet and the shorter north-south axis for 100 feet. The design 
has the shrubs on the windward side, then the silver maples and the poplars on the 
leeward side (wedge shaped). Spacing is 11 feet between rows and 5 feet between trees. 
Management has consisted of pesticide weed control and mowing during the first three 
years after planting. 
 Overall, tree growth has been described as “good” by the shelterbelt managers, 
with survival in the maples in excess of 95%, shrubs around 50%, and the poplars around 
75%.  In 1999, the height growth was 30 feet for the poplars, 25 feet for the maples, and 
5 feet for the shrubs. 
 As far as odor mitigation is concerned some of the shelterbelt effects, particularly 
the interception of particulates outside of the ventilation systems, may begin to take place 
shortly after the trees (and shrubs) are firmly established and growing freely. 
  
Economics of Using Shelterbelts for Livestock Odor Control 
 In order to assess the economic feasibility of using shelterbelts to help mitigate 
livestock odors, a simple economic analysis was used to calculate potential costs of an 
actual shelterbelt system planted around a 3000 head sow facility in central Iowa.  See 
Figure 11 for a schematic of the facility and the planting design.  For comparison, two 
scenarios based on costs of vegetative materials were developed.  One scenario used a 
relatively high price of $10 per tree and shrub and the other scenario used an even higher 
price of $25 per tree and shrub, both prices being much higher than most shelterbelt 
plantings would be.  By using a spreadsheet program, annual costs for each scenario, 
which include cost of materials (~ 871 trees and shrubs were planted in this case) as well 
as site prep and maintenance costs, were calculated and applied to the number of sows 
produced over a production year (about 78,000 sows). This was done so as to put the cost 
on a per animal basis. For the “high” scenario ($10/tree and shrub) it was determined that 
the one-year cost was $0.30/pig.  If this cost, however, is capitalized at 5% over 20 years, 
a reasonable life span for a shelterbelt (Brandle, 1998), the cost becomes just $0.06/pig.  
Looking at the “higher” scenario ($25/tree and shrub), the one-year cost is $0.68/pig.  
Again capitalized at 5% over twenty years the cost becomes $0.09/pig.  
The relatively low costs involved with using shelterbelts are of significant 
importance in this regard. As the comparatively low cost and time commitments 
associated with planting and maintenance of shelterbelts should be within the production 
budgets of many producers and perhaps even leave room for the use of other odor control  
technologies to further enhance mitigation.  Multiple odor control techniques can be 
reasonably affective (Lorimor,1998; Miner,1997; Miner, 1995), but many of the methods 
come with considerable costs and are often economically prohibitive.  Techniques such 
as using manure and feed additives, building exhaust air scrubbers, placing bio-covers on 
manure storage tanks, and soil injection of manure when land applying have all been 
shown to reduce odor emissions (CETAC-WEST, 1999; Jacobson et al., 1998; OCTF, 
1998; Barrington, 1997).  Costs associated with these various strategies, in various 
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combinations can range from $1.50 to $2.50 per pig produced, while total odor reduction 
ranges from 75 to 85 percent range (Hoff and Bundy, 1998).  It is believed that most 
producers would be willing to spend roughly $0.50 per pig produced for odor 
management (personal communication with Dr. Steve Hoff, 1998).  Therefore, new, cost-
effective odor control innovations in all three strategic categories need to be developed.   
It is hoped that the low cost of a shelterbelt system designed to help mitigate odor from 
livestock confinements would allow producers to economically utilize other odor control 
techniques.  
 
 
Figure 11.  Drawing of shelterbelt planting design at a 3,000 head sow facility in central 
Iowa used in economic analysis discussed below.  Approximately 900 trees were 
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part of the analysis.  The name of the facility is being kept confidential.  North is to 
the left of the drawing. Drawing courtesy of Roger Hunt, Trees Forever, 1998. 
 
 
Most producers are concerned about the odor generated by their facilities as well as 
being concerned about being a good neighbor. Unfortunately, the economics of livestock 
production are often not conducive to doing all that could be done in that regard. Many 
engineering odor control technologies simply may add too many extra costs to 
production. A 1992 USDA survey of US pork producers indicated that only 6% of the 
producers incurred extra costs associated with odor control (beyond standard manure 
storage methods), perhaps indicating the limits caused by these extra production costs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
Figure 12. Beef production facility showing typical openness to surrounding areas. Many 
such facilities have suitable land available for shelterbelt plantings. Photographer 
unknown. 
 
There is also the potential fear of passing this excess cost to consumers thereby 
negatively effecting demand for livestock products. There is evidence, however, that 
suggests this concern maybe somewhat unfounded as some economists feel that the 
environment creates a basis for competition in pork production and that the consumer 
may be willing to take on some environmental responsibility when it come to purchasing 
products which are associated with negative externalities.  
It has been recognized that a region’s competitive position in the industry may be 
shaped by its collective ability to improve environmental impact technologies 
(Kliebenstein, 1998). Economists (Kliebenstein and Hurley, 1999; Hudson, 1998; SOTF, 
1995) have also suggested that despite higher producer costs related to controlling odor 
and improved environmental conditions such as water quality, consumers may be willing 
to pay extra for those producers’ costs and the expected public benefits.  The Swine Odor 
Task Force assembled by the North Carolina General Legislative Assembly has 
recommended incentive-based approaches to dealing with livestock odor.  Indicating that 
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a certification process might offer marketing advantage if products were packaged with 
“green labeling” attesting to the producer’s environmentally appropriate methods of 
production (SOTF, 1995).  According to the Federal Reserve Bank of Chicago, a recent 
national level survey  “indicates that over half of America’s consumers are willing to pay 
some premium for food produced in a socially and environmentally responsible manner” 
(Hudson, 1998).  
In another recent study, an experimental economic method called Vickery 
auctions was used to determine consumer willingness to pay for environmental 
sustainability and improvements in air, surface, and ground water quality as affected by 
pork production (Kliebenstein and Hurley, 1999).  The Vickery auction design used in 
the study was a series of sealed bid auctions for pork loin chops.  In the first series of 
auctions the participants (from six cities in five different states, n = 329) use only 
physical attributes of the meat as the information to determine bids.  In subsequent 
rounds information as to how the meat was produced in terms of different levels of 
environmental improvements was provided to the participants allowing them more 
information to determine offered bids.  Those consumers who would pay a premium for 
“environmentally friendly” pork production were those who increased their bids from the 
“no environmental information” round to the “information” round.  Sixty-two percent of 
the participants were willing to pay a premium for environmentally friendly pork 
production. 
 
Summary of Shelterbelts and Livestock Odor Amelioration 
Shelterbelts have the potential to be an effective and inexpensive odor control 
device particularly when used in combination with other control methods for added 
effectiveness. The potential of shelterbelts is really defined by the characteristics of 
livestock odors. These characteristics (Smith, 1993) are: 
• Odor source at or very near ground level; 
• Limited plume rise, due to certain weather conditions (i.e. temperature inversions); 
• Plume shows spatial and temporal variability;  
• Plume may be of large areal extent; 
• Close proximity to critical receptors of odor (i.e. people); 
• Odors generated in animal facilities that are intense and detectable at appreciable 
distances all travel as aerosols (Hammond et al., 1981). 
 
Shelterbelts may work very well within an agricultural landscape to provide odor 
control by affecting these characteristics. Because the odor source is near the ground and 
the tendency of the plume is to travel along the ground (Takle, 1983). Shelterbelts of 
even modest heights (i.e. 20-30 ft) may be ideal for plume interception and disruption 
(Heisler and DeWalle, 1988; Laird, 1997; Thernelius, 1997). Shelterbelts can easily be 
designed as to fit the production situation and expected/experienced odor plume shapes.  
Also, depending on the shelterbelt design and species used, they can deal with the 
temporal characteristics and provide year round plume/aerosol interception. 
  
There are four primary ways that shelterbelts can ameliorate livestock odors: 
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• Dilution of gas concentrations of odor into the lower atmosphere 
• Encouraging dust and other aerosol deposition by reducing wind speeds 
• Physical interception of dust and other aerosols 
• By way of acting as a sink for the chemical constituents of odor  
 
Dilution of gas concentrations of odor into the lower atmosphere 
• Shelterbelts create turbulence at the surface of the terrain that intercept and disrupt 
odor plumes traveling in laminar flow helping to push the plume into the lower 
atmosphere facilitating dilution (OCTF, 1998; SOTF, 1995; Takle, undated). 
• Lowering wind speeds over storage lagoons can reduce convection of odorous 
compounds from the surface and allow for slower release of the odor plume which 
also facilitates dilution (Bottcher et al., 1999) 
 
Encouraging dust and other aerosol deposition by reducing wind speeds 
• Pesticide drift mitigation research suggests that due to reduced wind speeds drift 
pesticide will drop from the air stream.  In broadleaf species, downwind drift 
reductions of 70% (no leaves) to 90% (in leaf) have been recorded (Porskamp et al., 
1994) 
• Numerical simulation of the effects of tall barriers around manure lagoons predicted 
reductions in downwind malodorous lagoon emissions of 26% to 92% (Liu et al., 
1996) 
• Wind tunnel modeling of a three-row shelterbelt system has quantified reductions of  
35% to 56% in the downwind mass transport of odorous particulates (dust and 
aerosols) (Laird, 1997; Thernelius, 1997) 
 
Physical interception of dust and other aerosols 
• Meister et al. (1984) suggests that a forest cleans the air of microparticles of all sizes 
by combing out twentyfold better than barren land. 
• Leaves with complex shapes and large circumference to area ratios collect particles 
most efficiently, indicating that conifers may be more effective particle traps than 
deciduous species (Smith, 1994) as well as having an “in leaf” temporal advantage. 
 
 
By way of acting as a sink for the chemical constituents of the odorous pollution 
• Volatile Organic Compounds (VOC’s) have a distinct affinity to the lipophilic 
membrane (the cuticle) that covers plant leaves and needles.  Relevant studies 
currently underway (Beattie et al., undated)  
• Researchers have quantified measurable quantities of  anthropocentric VOC’s that 
have accumulated at the surface of plants (adsorption) and within the plants tissues 
(absorption) (Reischl et al., 1989; Reischl et al., 1987; Gaggi et al., 1985) 
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• Micro-organisms dominate the surface of plants (Preece and Dickenson, 1977).  
These organisms also adsorb and absorb VOC’s and provide additional surface area 
for pollution collection.  These organisms also have the ability to metabolize and 
breakdown VOC’s (Screiber and Schonherr, 1992; Muller, 1992; Beattie et al, 
undated) 
 
Economics 
• Economic analysis of a new shelterbelt planted around a 3000 head hog facility, using 
scenarios of  “high” cost (10$/ Tree and shrub) and “higher” cost ($25/ Tree and 
shrub), showed the following costs:   
 
• for the “high” scenario: $0.30/pig for one year, capitalized over 20 years at 
5% it comes to just $0.06/pig 
• for the “higher” scenario: $0.68/pig for one year, capitalized over 20 years at 
5% it comes to just $0.09/pig 
• These costs include maintenance costs 
 
• The relatively low cost of a shelterbelt system would allow most producers to 
economically utilize other odor control techniques (Hoff, 1998).  Using multiple 
controls increases the effectiveness of odor reduction (NPPC, 1995; Lorimor, 1998).  
 
Increased production costs are often the main barrier to reasonable odor control. 
However studies have shown that consumers may be willing to pay for socially 
responsible animal production. 
• Using contingent valuation methods researchers have determined significant numbers 
of people who would be willing to pay a premium for meat products produced in an 
“environmentally friendly” manner, including odor control. 
• The Swine Odor Task Force out of North Carolina has recommended a certification 
process for producers who control air and water pollution. 
 
Through the ways identified above shelterbelts should aid producers in achieving the cost 
effective, realistic goals of livestock odor mitigation which are as follows: 
• Reductions in: Odor concentrations reaching populated areas, the number of people 
affected, the time duration of exposure to odors, and the number of occurrences of 
odor events (Penkala, 1977; Smith and Watts, 1994; SOTF, 1995) 
 
Barriers to Adoption of Shelterbelts for Livestock Odor Control 
• Lack of technical information regarding shelterbelts: species composition, site 
preparation, planting techniques, maintenance needs, and effective planting designs in 
and around animal facilities.   
• Lack of benefit – cost analysis at farm level as well as community level. 
• Lack of information regarding cost share possibilities. 
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• Lack of acceptance and promotion as an odor control technology. 
• Further quantification of effectiveness as odor control device needed.  Current studies 
are underway (Bottcher et al, 1999; Beattie et al, undated; Iverson et al., undated). 
• There often exist cultural barriers to erecting “non-agricultural” structures within an 
agricultural setting. The following are some common concerns: removing crops from 
production, branches and roots may be troublesome, may impede the use of common 
farm equipment, may be habitat for pests. 
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